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Abstract 
 
Many models of coevolution assume that interactions among hosts are mediated by only 
a single trait or genetic locus (Case, Taper, & Associate Editor: Nicholas, 2000; Gavrilets & 
Hastings, 1998; S. L. Nuismer, Thompson, & Gomulkiewicz, 1999; Seger & Antonovics, 1988). 
In mutualistic associations however hosts often rely and interact with multiple species and 
trophic levels to obtain benefits that will confer a fitness advantage (not strict pairwise 
interactions) (M. T. Johnson & Stinchcombe, 2007; W. F. Morris et al., 2007; Strauss & Irwin, 
2004). Legumes, such as Chamaecrista fasciculata, are an example of just that. Hosts create 
specialized structures along their root called nodules wherein rhizobia reside and fix atmospheric 
nitrogen to plant-available forms (Harris, Pacovsky, & Paul, 1985a). Legumes also interact with 
arbuscular mycorrhizal fungi (AMF) to form multiple intraradical structures (including 
arbuscules and hyphae) which increase plant nutrition and mineral status, particularly 
phosphorus (S. Smith & D. Read, 2008). Both traits are regulated in, in part, is regulated through 
a series of pleiotropic genes known as the common symbiotic pathway, or CSP (Ane et al., 2004; 
Kistner, Winzer, Pitzschke, Mulder, & Sato, 2005; Murray et al., 2011; Giles E. D. Oldroyd, 
2013; Giles E. D. Oldroyd & Downie, 2006; G. E. D. Oldroyd & Long, 2003; Stracke et al., 
2002).  
In my dissertation, I was able to quantify host investment in both rhizobia and AMF by 
counting structures that represent host investment due to a nutritional demand; the number and 
weight of nodules as well as the density of intraradical structures AMF produce to exchange 
nutrients with hosts. I used C. fasciculata as a model legume in both field and controlled 
greenhouse experiments to shed light on the potential for shared regulatory networks, and genetic 
variation in those networks, to shape the ecology and evolution of the tripartite symbiosis 
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between legumes, rhizobia, and AMF. I used a remnant prairie site in Kankakee, IL for 
observations of host plant interactions with each symbiont as well as to collect soil and plants for 
greenhouse experiments. In the field, both traits, rhizobia nodule number and the density of AMF 
structures, covary in individuals, suggesting that CSP and shared regulatory networks may 
couple these two traits tightly in nature. When I manipulated the abundance of rhizobia in a 
greenhouse study, I found evidence of a trade-off among nodule number and arbuscule density, 
but this was only seen when hosts were grown with abnormally high densities of rhizobia. 
Therefore, while host investment in rhizobia may alter investment in AMF, this is not suspected 
to be common in nature due to lower densities of rhizobia found in the field. Additionally, I 
found that traits regulated by host CSP (i.e. nodule number and arbuscule density) had ample 
genetic variation among families and therefore these traits are potential targets of selection. 
 In multiple investigations we found that agents of selection only acted directly on nodule 
number, not the density of arbuscules. Models of coevolution suggest that selection only acting 
directly on one symbiont could lead to conflict in certain ecological situations. To discern if this 
would occur in this system, I conducted another greenhouse experiment, growing 75 families of 
plants in field soil from Kankakee. Plants were also grown in either a high P or low P 
environment to lower the benefit of AMF and subsequent host investment. Analysis revealed that 
host investment in nodules and arbuscules is not genetically correlated. Fertilized plants were 
able to lower their investment in AMF while subsequently increasing their nodule number. I also 
found no connection in the plasticity of either trait among families (i.e. families that altered their 
investment in rhizobia nodule number, did so independently of AMF arbuscule density).  This in 
turn would suggest that each trait is able to evolve independently in hosts and we would not 
anticipate situations of conflict to arise between host investment in each focal symbiosis. 
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Unexpectedly however, we found that nodule number was genetically correlated with host 
aboveground biomass. Both traits also exhibited correlated responses to P-fertilizer, such that 
nodulation changes to phosphorus availability are a strong indicator of plant fitness. Strong host 
reliance on increased nodule number may be favorable in certain environments, but alternatively 
could limit host range expansion if partners are in low abundance or not compatible with host 
genotypes.  
Nodule number was also highly variable among families which appeared contrary to our 
observations of direct selection in the field to increase nodule number. To answer this, I 
investigated the impact of changes in the cost:benefit ratio on host allocation to both symbiosis. 
By lowering the benefit of the AMF symbiont (increased soil P-content) and raising the cost of 
both symbiosis (decreased total photosynthate to invest in symbiosis via light limitation) we 
found that both raised costs and lowered benefits in AMF interacted to influence host investment 
in both nodule number and arbuscule density. We found that the effect of P fertilization on host 
investment in rhizobia changed from positive (increased nodulation) to negative (decreasing 
nodulation) when hosts were light limited. While increased nodulation was still favored in 
multiple environments, changes in light and P availability altered the strength of selection in the 
direction that we would predict based on our current understandings of costs and benefits in 
multiplayer mutualisms. Host investment in AMF also decreased when P was readily available in 
the soil. These negative effects were exacerbated when hosts were light limited suggesting that 
both costs and benefits play key roles in host interactions with each symbiosis. Together these 
results suggest that selection and resulting evolution of multiplayer mutualisms of legumes-
rhizobia-and AMF may not be constrained by multiple partners, but agents of selection are 
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anticipated to act differently and independently on each partner which in turn could lead to 
variation in host investment across different environments.  
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CHAPTER 1: GENERAL INTRODUCTION 
Mutually beneficial associations between organisms occur in practically every niche and 
range from obligate to facultative dependence (Baumann, 2005; Pontes & Dale, 2006). Benefits 
each partner gain from the interactions are diverse and include nutrition, defense, reproduction, 
and development (Dimijian, 2000). The most noteworthy is the microbial mutualism which gave 
rise to the modern day eukaryotic cell and allows organisms to access what would be otherwise 
unattainable niches (Margulis, 1970; Minic & Herve, 2004; Sachs, Mueller, Wilcox, & Bull, 
2004). 
Many models of coevolution assume that interactions among hosts are mediated by only 
a single trait or genetic locus (Case et al., 2000; Gavrilets & Hastings, 1998; S. L. Nuismer et al., 
1999; Seger & Antonovics, 1988). In mutualistic associations however hosts often rely and 
interact with multiple species and trophic levels to obtain benefits that will confer a fitness 
advantage (not strict pairwise interactions) (M. T. Johnson & Stinchcombe, 2007; W. F. Morris 
et al., 2007; Strauss & Irwin, 2004). Taking our own human microbiome, for example, which 
includes a complex assemblage of diverse mutualistic microbiota (Dethlefsen, McFall-Ngai, & 
Relman, 2007). These interactions are regulated by a multitude of traits and/or potentially sets of 
shared genes. As a result, we may expect in nature that mutualisms are mediated by suites of 
genetically correlated characters and therefore host traits may experience selective pressures 
from both partners which in turn can have different outcomes on trait evolution (Herrera et al., 
2002; Scott L. Nuismer, Doebeli, & Phillips, 2004; Weiblen, 2004) compared to models that 
address strict pairwise interactions (Stanton, 2003).  
Theoretical models of multiplayer mutualisms outline that additional partners can cause 
focal interactions between two other species to change and evolve in ways unexpected from 
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pairwise investigations (Bever, 2015; Richard Gomulkiewicz, Scott L. Nuismer, & 
John N. Thompson, 2003). Others models have hypothesized that  positive and negative effects 
can occur when hosts interact with multiple symbionts, and therefore in order to understand the 
outcomes of mutualisms in ecosystems (Afkhami, Rudgers, & Stachowicz, 2014) as well as trait 
distribution and network structure (Scott L. Nuismer, Jordano, & Bascompte, 2013) it is 
important to include each interaction when modeling selection and resulting evolutionary 
outcomes of these interactions. Many studies have evaluated the ecological outcomes of 
multiplayer mutualisms, investigating how these interactions change when hosts are limited in 
resources (Ballhorn, Schädler, Elias, Millar, & Kautz, 2016) as well as responses to the presence 
or absence of the other species involved (Benkman, Holimon, & Smith, 2001; Anna Laura 
Larimer, Clay, & Bever, 2014; Todd M. Palmer et al., 2010), but few studies have actually 
investigated if change in one partner in response to selection alters the other interactions (the 
evolutionary outcomes of multiplayer interactions).  
Chamaecrista fasciculata (Michx.) Greene or Partridge Pea is an annual legume that is 
prominent throughout the Western US. This particular species of legume commonly associates 
with both nitrogen fixing rhizobia and phosphorus acquiring AMF. Hosts create specialized 
structures along their root called nodules wherein rhizobia reside and fix atmospheric nitrogen to 
plant-available forms (Harris et al., 1985a). Legumes also interact with arbuscular mycorrhizal 
fungi (AMF). AMF penetrate host cells to form multiple intraradical structures (including 
arbuscules and hyphae) which increase plant nutrition and mineral status, particularly 
phosphorus (S. Smith & D. Read, 2008). Hosts investment in either symbiont is indicative of 
their nutritional status, for example, hosts in nitrogen limited environments would be expected to 
have a higher number of nodules whereas hosts may invest in AMF to overcome P limitation. 
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Reciprocal exchange for each benefit is maintained through host investment of its own limited 
photosynthate to both symbionts.   
Both traits are regulated in hosts through a variety of feedback systems including 
sanctions of non-reciprocating partners (Bucking & Shachar-Hill, 2005; Heath & Tiffin, 2009; 
Javot, Penmetsa, Terzaghi, Cook, & Harrison, 2007; E. T. Kiers, Rousseau, West, & Denison, 
2003) partner choice to maximize benefits gained (Simms & Taylor, 2002; Werner & Kiers, 
2015b) and autoregulation that prevents over exploitation of limited host photosynthate of either 
trait (Catford, Staehelin, Lerat, Piche, & Vierheilig, 2003). Empirical work has shown that host 
investment in both symbionts, in part, is regulated through a series of pleiotropic genes (Ane et 
al., 2004; Kistner et al., 2005; Murray et al., 2011; Giles E. D. Oldroyd, 2013; Giles E. D. 
Oldroyd & Downie, 2006; G. E. D. Oldroyd & Long, 2003; Stracke et al., 2002). These 
investigations gave rise to the hypothesis that both rhizobia and AMF share one signal 
transduction pathway to promote host investment in each respective trait. The common 
symbiotic pathway, or CSP is proposed to act downstream of both fungal and rhizobial signal 
perception and upstream of the activation of the appropriate response to either symbiont. A clear 
link between signal perception and gene expression mediated by hosts in response to both 
symbionts is a common feature in theoretical models of CSP, however, at this time evidence only 
supports a connection of a sub-set of CSP components (as reviewed in Oldroyd et al. 2013 and 
Genre & Russo 2016).  
In addition to molecular work, empirical work found that the quantity of infection of both 
symbioses are controlled systematically through host negative regulatory systems 
(“autoregulation”) (Penmetsa & Cook, 1997). In a split pot experiment by Catford (2003), one 
half of plant roots were saturated with either cultured rhizobia strains, AMF, or inoculated with 
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purified Nod factors. Following an incubation period, the uncolonized partitioned side of the 
roots were then saturated in the same way as the corresponding half. These failed to become 
colonized by rhizobia or AMF, suggesting that a shared, systemic autoregulatory system controls 
the infection of both symbionts. Recent work by Sakamoto et al (2013) indicated that the faster 
infection rate of rhizobia triggers the shared negative feedback pathway, suppressing AMF 
colonization, and thus that competition between symbionts may play a role in regulation by host 
plants. There is no question CSP genes are essential for the establishment and regulation of both 
legume symbionts, but it is still uncertain how this genetic and physiological coupling of 
rhizobium and AMF symbioses impact the ecological and evolutionary responses of plants in 
nature. Here, I used a quantative genetics approach to demonstrate the evolutionary implications 
of integrated genetic pathways in legumes that regulate host investment in nitrogen fixing 
rhizobia and phosphorus acquiring arbuscular mycorrhizal fungi (AMF).  
In my dissertation, I was able to quantify host investment in both rhizobia and AMF by 
counting structures that represent host investment due to a nutritional demand; the number and 
weight  
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CHAPTER 2: TRIPARTITE MUTUALISM: FACILITATION OR TRADEOFFS 
BETWEEN RHIZOBIAL AND MYCORRHIZAL SYMBIONTS OF LEGUME HOSTS1 
 
Abstract 
Multiple mutualist effects (MMEs) are common in nature, yet we lack a predictive 
understanding of when two mutualistic partners on the same host will influence each other and 
whether these effects will be positive or negative. Leguminous plants maintain root symbioses 
with two nutritional mutualists: rhizobia that fix atmospheric nitrogen, and arbuscular 
mycorrhizal fungi (AMF) that increase phosphorus uptake. Both symbionts receive plant carbon, 
and host genetic networks that regulate colonization are partially shared by both symbioses; 
whether these factors generate trade-offs or facilitation between rhizobial and AMF symbionts of 
legumes is not well known. We first observed plants in a remnant prairie and found that 
rhizobium nodule number and colonization of AMF were positively correlated amongst plants in 
situ, with no apparent tradeoff. Furthermore, plants with increased nodule number had higher 
fitness in the field, generating indirect selection on the colonization of AMF. In a greenhouse 
experiment, we found that host allocation to each symbiont was genetically variable among 
populations, with some suggestion that rhizobium and AMF colonization are positively 
genetically correlated. Finally, we manipulated rhizobium density in a separate experiment and 
found negative correlations between rhizobia and AMF, and that increasing the number of 
rhizobia in the soil decreased root colonization by AMF. Together our results suggest that 
tradeoffs between plant colonization by rhizobia and AMF in this system are context-dependent 
                                                          
This chapter appeared in its entirety in the American Journal of Botnay and is referred to later in this dissertation 
as “Ossler et. al. 2015. Ossler, J. N., Zielinski, C. A., & Heath, K. D. (2015). Tripartite mutualism: Facilitation or trade-
offs between rhizobial and mycorrhizal symbionts of legume hosts. American Journal of Botany. 
doi:10.3732/ajb.1500007 
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and might not be common under field conditions, but that physiological and/or genetic drivers 
couple these two symbioses in nature. 
 
Introduction 
Pairwise mutualisms do not occur in isolation within their natural ecosystems; rather, 
mutualist species are embedded in networks of multiple mutualistic interactions. Multi-player 
interactions are well-known to change the ecological costs or cost-benefit ratio in a focal 
interaction (J. D. Hoeksema & Bruna, 2000; Strauss, Sahli, & Conner, 2005), alter the fitness 
benefits of interacting with different species (Todd M. Palmer et al., 2011) or genotypes (Heath 
& Lau, 2011), change how selection acts on one or both partners (Rudgers & Strauss, 2004; 
Stanton, 2003; Thompson & Cunningham, 2002), and thus qualitatively alter ecological and 
evolutionary predictions (Strauss & Irwin, 2004). A recent synthesis of these multi-player effects 
in mutualism (multiple mutualist effects, or MMEs) suggests that MMEs are common in nature, 
but that the direction of these effects varies widely and should depend on a number of factors 
(Afkhami et al., 2014). For an interaction between a focal host and two partners, these factors 
likely include the overlap between benefits flowing in both directions (i.e., to and from the focal 
host), the costs of the interaction, and the degree of control that hosts have over interaction costs. 
In addition to the factors set out by Afkhami et al (2014), the degree of overlap in host genetic 
pathways that control both partner mutualists might be important (Heath & McGhee, 2012; M. J. 
Wise & Rausher, 2013). Before these hypotheses may be tested rigorously, however, there is a 
need for more data on MMEs in diverse systems. In particular, few studies exist on how multiple 
mutualists on the same focal host affect each other.   
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Plants often engage in mutualistic relationships with a multitude of above- and below-
ground beneficial symbionts, including rhizobia, mycorrhizal fungi, and endophytic microbes of 
various sorts (Rudgers & Mack, 2008). Plant interactions with their multiple symbionts enable 
them to receive a wide range of mutualism benefits, which in turn improve plant growth and 
development (Y. Jia & Gray, 2008), susceptibility to various diseases (Gao et al., 2012), 
response to herbivory (Barber, 2012), and abiotic stress (Redman et al., 2011). Investigating how 
the presence and abundance of these symbionts affect each other (in addition to the host) is less 
well-known, but is important for understanding how hosts are able to support symbiosis with 
multiple partners simultaneously, and for contributing to the larger synthesis on the key 
ecological factors determining the strength and direction of MMEs (Afkhami et al. 2014).  
On one hand, the costs of maintaining symbionts could generate tradeoffs among host 
investment in various symbioses. For example, in plants that associate with nutrient-acquiring 
mycorrhizal fungi and protective fungal endophytes, the presence and/or increased establishment 
of endophytes has been observed to reduce colonization of host roots by mycorrhizal fungi (Guo, 
Hendrix, An, & Ferriss, 1992; Omacini, Eggers, Bonkowski, Gange, & Jones, 2006; Rudgers & 
Mack, 2008). If such tradeoffs are important, then we might expect to observe negative 
correlations between the levels of colonization by multiple symbionts in the field. On the other 
hand, if the presence of one symbiont increases resource availability in a way that releases the 
host from limitation or otherwise promotes allocation to a second symbiont, then we would 
expect to observe positive correlations between the colonization of multiple symbiotic species 
(Afkhami et al. 2014). For example, although both ant and scale mutualists of tropical 
Macaranga trees draw on host phloem, the abundance of ants increases with the abundance of 
coccoid scales, possibly because increased abundance of honeydew produced by the scales 
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facilitates more effective ant defense (Pringle, Dirzo, & Gordon, 2011). Discriminating between 
these scenarios (tradeoffs versus facilitation) is important for understanding fundamentally 
whether symbionts compete with, or benefit from, each other (reviewed by Palmer et al 2003). 
Finally, in addition to these potential ways in which a third player could shift the costs and 
benefits of a focal symbiosis, host responses to two symbionts might also be non-independent if 
shared genetic pathways control the colonization of both symbionts (Heath & McGhee 2012). 
The relationship between leguminous plants and their rhizobial and arbuscular 
mycorrhizal fungal (AMF) symbionts is an integral tripartite interaction in terrestrial ecosystems. 
Each symbiont plays a pivotal role in natural ecosystems by influencing plant productivity, 
nutrition, and community structure (Bauer, Kleczewski, Bever, Clay, & Reynolds, 2012; van der 
Heijden et al., 1998). Many legumes (plants in the family Fabaceae) create specialized structures 
called root nodules, in which rhizobial bacteria reside and fix atmospheric nitrogen to plant-
available forms (Harris, Pacovsky, & Paul, 1985b). Like most land plants, legumes also interact 
with AMF, which colonize plant roots and develop multiple intraradical structures (hyphae, 
arbuscules, vesicles, and spores), increasing plant nutrient and mineral acquisition (particularly 
phosphorus (S Smith & D Read, 2008)). Both rhizobium and AMF symbionts utilize the host’s 
photosynthetically fixed carbon, which might therefore play a role in the level of symbiont 
colonization each plant can maintain (Harris et al., 1985b). Nevertheless, co-inoculation of both 
symbioses generates a synergistic effect on host biomass, growth, and fitness, i.e., together they 
increase plant fitness more than would be predicted by their independent effects (Chalk, Souza, 
Urquiaga, Alves, & Boddey, 2006; Yinsuo Jia, Gray, & Straker, 2004; Anna Laura Larimer et 
al., 2014; Xavier & Germida, 2003).  
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In addition to the potential for competing carbon requirements and/or nutrient 
complementarity, functional genetic studies have shown overlap in the plant genetic pathways 
that control symbiosis establishment and regulation for rhizobia and AMF, suggesting that plant 
interactions with these two symbionts might be evolutionarily coupled (Duc, Trouvelot, 
Gianinazzi-Pearson, & Gianinazzi, 1989; Senoo et al., 2000; Takeda, Tsuzuki, Suzaki, Parniske, 
& Kawaguchi, 2013). Legume hosts have separate receptors for detecting rhizobium vs. AMF 
partners (as reviewed in Oldroyd 2013); however, symbionts share similarities in the 
downstream signal transduction pathways (i.e., shared SYM genes) that mediate the persistence 
and total number of colonization events (reviewed by Gough & Cullimore, 2011). Moreover 
negative regulatory systems (“autoregulation”) control the density of colonization of both 
symbionts when roots are densely colonized (Penmetsa & Cook, 1997), and these mechanisms 
appear to be shared between both symbioses, given results from split pot experiments (Catford et 
al., 2003; Sakamoto, Ogiwara, & Kaji, 2013).  
Evidence to date indicates that AMF affect the establishment and function of rhizobial 
nodulation, and vice versa that rhizobia affect AMF colonization. AMF are known to increase 
nodule weight (Anna Laura Larimer et al., 2014; Oliveira, Castro, Dodd, & Vosátka, 2005), 
acetylene reduction activity (Abd-Alla, El-Enany, Nafady, Khalaf, & Morsy, 2014; Fraga-
Beddiar & Letacon, 1990), and the abundance of nodulation in roots (Sakamoto et al., 2013; 
Wang, Pan, Chen, Yan, & Liao, 2011) – effects that are hypothesized to result from increased 
phosphorus (P) availability for the host (Fitter & Garbaye, 1994; Kucey & Paul, 1982; S.E Smith 
& Read, 1997). Inoculation with rhizobia, on the other hand, can have diverse effects on AMF, 
causing colonization to increase (Sanginga, Carsky, & Dashiell, 1999; Singh & Singh, 1993; Xie 
et al., 1995), decrease (Bethlenfalvay, Brown, & Stafford, 1985), or not change (Antunes, de 
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Varennes, Zhang, & Goss, 2006; Meghvansi, Prasad, Harwani, & Mahna, 2008). These host-
mediated effects have largely been observed in controlled, single inoculation experiments. 
Whether these effects hold up in the field and thus generate tradeoffs or facilitation between 
rhizobia and AMF in nature is not known.  
We studied the MMEs in a tripartite interaction between legume hosts, rhizobia, and 
AMF in three settings in order to shed light on the potential for host-mediated interactions 
between rhizobia and AMF to shape plant ecology and evolution. We: 1) studied phenotypic 
correlations among measures of plant colonization by rhizobia and AMF, using individuals in 
situ in natural populations, 2) looked for evidence of direct and indirect natural selection on these 
traits in the field, 3) tested for plant genetic variation in the levels of rhizobium and AMF 
infection in a greenhouse experiment, and finally 4) manipulated the abundance of rhizobia to 
determine the direct effects on AMF root colonization in field soils containing natural 
communities of rhizobia and AMF. 
 
Materials and methods 
Study System - Partridge pea (Chamaecrista fasciculata, (Michx.) Greene) is a self-compatible, 
outcrossing annual legume, commonly found in prairies, bluffs, sandy savannahs and alongside 
river banks (Fenster, 1991; Foote & Jackobs, 1966b). Like many legumes, it regularly associates 
with rhizobia (likely Bradyrhizobium species, forming indeterminate nodules; (Parker & 
Kennedy, 2006), as well as AMF (S Smith & D Read, 2008). A preliminary survey of fungal 
diversity from soil collected from the remnant prairie used in our experiments identified 
Rhizophagus intaradices, Acaulospora morrowiae, A. spinosa, A. scrobiculata, A. paulinae, 
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Paraglomus occultum, Funneliformis mosseae (pers. comm., Joseph Morton, International 
Culture Collection of Vesicular Arbuscular Mycorrhizal Fungi or INVAM).  
 
Field Observations - In order to understand the relationships among plant performance and 
measures of symbiont colonization in natural populations, we collected data on plant size, 
nodulation, and AMF colonization from 178 plant individuals sampled in situ from a remnant 
savannah population near the Mskoda Preserve in Kankakee County, Illinois (41°04.762N, 
87°39.419W). In each of two patches, C. fasciculata individuals were collected as they occurred 
along two 20m transects, which spanned the length of a sunny open patch where the species was 
abundant. The sandy savannah soil facilitated removal of the entire plant root system using a 
deep (~30 cm) shovel. Because rhizobium and AMF density are best estimated while plants are 
actively growing rather than senescent, we were unable to measure seed set. In a separate survey 
of 100 plants from the same population in the following year, aboveground biomass was highly 
predictive of seed number (N = 100, R = 0.7478, p < 0.0001).  
We quantified the extent of host root colonization by rhizobium and AMF. We used 
nodule number, nodule density (nodules per unit of root biomass), and nodule size as proxies for 
the extent of rhizobium colonization. Most studies (e.g., Simms et al. 2006; Heath 2010; Ratcliff 
et al. 2011) , though not all (see Gubry-Rangin et al. 2010), have found positive relationships 
between nodule size and the number of rhizobium cells inside the nodule, though we note that 
these correlations may be somewhat genotype- or species-specific (Oono, Denison, & Kiers, 
2009). To evaluate host colonization by AMF, we focused in large part on arbuscules because 
they, like nodules, are the site of resource exchange, facilitating AMF carbon uptake and mineral 
export from the AMF to the host by increasing surface area of contact between the two partners 
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(Clark & Zeto, 2000; Harley & Smith, 1983; Sally E. Smith, Jakobsen, Grønlund, & Smith, 
2011). Thus arbuscules are often positively correlated with host benefits (Nancy Collins Johnson, 
1993). AMF develop several other recognizable and quantifiable structures within the fine 
“feeder” roots of their host plants, including intraradical hyphae and spores (Hayman, 1983; 
Karandashov, Nagy, Wegmüller, Amrhein, & Bucher, 2004; Klironomos, 2003; Klironomos, 
Moutoglis, Kendrick, & Widden, 1993; Sally E. Smith, Smith, & Jakobsen, 2004), which we also 
quantified. We did not examine the extent of extraradical hyphae or spores, which might 
represent a significant sink for plant-derived carbon (I. Jakobsen & Rosendahl, 1990). Given that 
we focus on intraradical structures, our measures should be interpreted conservatively as 
representing root colonization by symbionts as opposed to host allocation to symbionts (see 
Discussion). 
Upon harvest, we counted total nodule number on each plant and removed all nodules 
using forceps. Plant tissue and nodules were both dried at 55° C for 3 days before measuring 
plant aboveground and belowground biomass, and nodule biomass separately. Mean nodule 
biomass for each plant was calculated as the weight of all nodules divided by the total number of 
nodules. Before AMF quantification, roots were first stained using a modified version of the 
protocol in Phillips & Hayman (1970), in which roots were cleared in boiling 10% KOH for 6 
minutes (as opposed to 2h) since they were very thin in diameter. Roots were then acidified in 
dilute HCL for 30 minutes, and stained using Direct Blue (0.05%) instead of trypan blue.  
Once stained, roots were laid straight and cut into 1 cm segments, placed in a petri dish 
with distilled water, thoroughly mixed, and 10 segments were randomly chosen and mounted in 
Polyvinvl-Lacto-Glycerol (PVLG) for counting AMF structures and long term preservation. 
While the most common technique for AMF quantification (i.e., examining 30-100 1 inch 
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segments, or 76-254 cm, of feeder roots; Giovannetti and Mosse 1980)  is typically applied to 
plants with extensive root systems, our plants had shallow root systems with few, short feeder 
roots (average 36 cm ± 4.40 feeder root length). Thus we estimate that our subsample of 10 
fragments represented over a quarter of the length of roots potentially colonized by AMF. To 
ensure that our random subsample of 10 feeder root segments provided an accurate estimate of 
AMF colonization, we examined all segments from 10 experimental plants and correlated the 
total number of arbuscules and (as well as the proportion of fragments for spores and hyphae) on 
the entire root system with our estimates from randomly subsampling 10 cm of feeder root length 
(R ranged from 0.78 - 0.97; all P < 0.005; see Appendix A).   
To quantify AMF colonization, the entire length of each segment was examined for AMF 
structures using a compound microscope at 40X magnification. Hyphae and spores were scored 
as the proportion of segments in which structures were observed. Because we were particularly 
interested in arbuscule density, we counted the total number of arbuscules present in all segments 
(i.e., total arbuscules in 10 cm of feeder root for each plant individual). Counting arbuscules is 
uncommon in the literature, but feasible (Floss, Levy, Lévesque-Tremblay, Pumplin, & Harrison, 
2013), and counting C. fasciculata arbuscules is facilitated by both their large size (on average 
2.2µm in diameter, J.O. personal observation) and their clarity upon staining (Appendix B) 
All analyses were performed in SAS Version 9.2 (SAS Institute, Carey NC). Rhizobium 
traits (total nodule number) were natural log-transformed, and measures of AMF colonization 
(arbuscule, hyphae, and spore density) were arcsine square-root transformed in order to improve 
normality (Linder & Berchtold, 1976). Phenotypic correlations among all traits in all 
experiments were computed using PROC CORR. We used the multiple regression approach of 
Lande and Arnold (Brodie, Moore, & Janzen, 1995; Lande & Arnold, 1983) to test whether 
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selection on plants favored increased allocation to one or both symbionts under natural 
conditions. For each trait, we first estimated the univariate linear selection coefficient (S), which 
represents the total potential for selection (direct and via correlated characters), by correlating the 
trait with mean-relativized aboveground biomass (our plant fitness proxy; see “Field 
observations” above) using PROC REG. We further partitioned selection into direct, versus 
indirect, components by regressing mean-relativized aboveground biomass (our fitness proxy) on 
all traits with significant selection coefficients from the univariate model (four traits; Table 1.2). 
Traits were standardized to a mean of zero and a standard deviation of one prior to multiple 
regression. We note that, because these estimates of selection arising from organisms studied in 
situ are simply correlations between traits and fitness (i.e., individuals are not randomized across 
the environment), unmeasured environmental covariances could contribute to the results of our 
phenotypic selection analyses (Rausher, 1992).  
If symbionts in this tripartite interaction are regulated by shared genetic networks in the 
host or by shared environmental responses, then we would expect to see significant phenotypic 
correlations between symbiotic colonization in the field. We also predicted that tradeoffs 
between host colonization by rhizobia versus AMF would be manifest as negative correlations 
between symbiont colonization across hosts, whereas positive correlations would suggest genetic 
or environmental facilitation. We also predicted that rhizobium and AMF colonization would 
both be targets of positive selection in these natural populations.  
 
Genetic Variation Experiment - In order to determine whether colonization by rhizobia and 
AMF was genetically variable among populations, we grew 32 USDA plant accessions (hereafter 
“populations”) in pots filled with field soil in a greenhouse experiment. We acquired C. 
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fasciculata populations from the USDA ARS National Genetic Resources germplasm collections 
(http://www.ars-grin.gov/npgs/) (for GRIN accession number and collection location 
information, see Appendix C). Seeds were first sterilized by dipping briefly in ethanol followed 
by soaking in 10% diluted commercial bleach for 10 min, hand-scarified (Fenster & Galloway, 
2000), then germinated overnight at 32° C in petri dishes lined with sterile, damp filter paper. 
Successfully germinated seeds (those with an exposed radicle; N = 827) were planted into RL7 
stubby Ray Leach Cone-tainers (Stuewe and Sons, Tangent OR) in a completely randomized 
design in the University of Illinois Plant Biology Greenhouse (32 plant populations x 25 
replicates, for 800 plants total). Cone-tainers were filled with a 3:1 mix of field soil and sterilized 
root wash mix (1:1:1 soil: calcined clay: torpedo sand). For field soil, we collected samples from 
25 haphazardly-selected locations in a natural savannah population of C. fasciculata and mixed 
all samples together (approximately 3 kg of soil) to create a homogenous soil inoculum. Cone-
tainers were spaced approximately 10 cm apart on the greenhouse bench. Plant mortality was 
high, likely due to transplant shock when seedlings were moved from petri dishes into the 
greenhouse. We harvested surviving plants (N = 340; 28 populations, 3 - 13 replicates per 
population) after 33-49 days, when plants had between 3-4 sets of leaves, and measured plant 
growth and symbiont colonization as in the field experiment (see above). We used one-way 
ANOVAs implemented in PROC MIXED to assess the random effect of population (among-
population genetic variation) on plant traits. We predicted significant genetic variation in 
rhizobium and AMF colonization, suggesting that these traits can evolve in response to natural 
selection. 
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Rhizobium Inoculation Experiment - Finally, we manipulated the density of rhizobia by 
growing plants either in field soil (containing naturally occurring rhizobia) or in field soil plus 
supplemental rhizobia inoculum and asked whether 1) the presence of more rhizobia directly 
reduced the colonization of AMF, and 2) this response differed among three focal populations in 
Illinois. We used plants, rhizobia, and field soil from three natural populations [Mskoda Sands 
Preserve (M: 41°04.762N, 87°38.41W), Carl N. Becker Savanna Nature Preserve (CB: 
41°1.003N, 87°32.532W), and Old Poag Rd. Prairie (PR: 38°47.681N, 90°02.630W)] in a 
factorial experiment in which half the plants received additional rhizobium inoculum (3 plant 
populations x 3 soil populations x 2 rhizobium treatments x 5 replicates, for 90 plants plus 4 
sterile controls). Seeds were from 20 haphazardly-selected maternal plants, field soil was a 
homogenized mix of soil from 20 haphazardly-chosen locations within each population, and the 
rhizobium inoculation was a mix of one randomly-selected strain from each population from a 
collection of isolates obtained from nodulated C. fasciculata found at each sample site, isolated 
as previously described (Heath, 2010). Briefly, strains were isolated by surface-sterilizing root 
nodules of C. fasciculata grown in field soil, slicing them open to plate the rhizobia inside, 
replating the resulting cultures several times until single isolates were obtained, and then freezing 
at -80° C in a 3:2 mix of glycerol and TY medium (Elbing & Brent, 2001).  
We surface sterilized and germinated seeds as described above. Leonard jars were 
constructed from three magenta boxes (Caisson Labs, North Logan, UT), following Heath et al. 
(2010). A total of 94 magenta box Leonard jars (hereafter “pots”) were filled with a mixture of 
1:1 autoclave-sterilized sunshine mix soil (Sun Gro Horticulture, Agawam, MA, USA) and a root 
wash mix consisting of 1:1:1 field soil: calcined clay (Turface MVP, Profile Products LLC, 
Buffalo Grove, IL): torpedo sand. Ten germinated seedlings from each plant population were 
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chosen randomly and planted into each soil population (CB, M and PR), totaling 30 plants per 
soil population. Before inoculation, we grew each of the three strains independently in 100 mL 
of TY liquid media for 6 days at room temperature. We used OD600 (Nanodrop 2000c, Thermo 
Fisher, Waltham MA) and estimated cell density from the absorbency using a standard growth 
curve for Bradyrhizobium (E.L Simms, personal communication) to combine these three strains 
in roughly equal proportions. We inoculated each plant by pipetting 2 mL culture (~107 cells) 
onto the soil near the seedling. Four uninoculated controls were grown in autoclave-sterilized 
potting medium and arranged randomly along with experimental plants. Control plants did not 
receive sterile TY media; however, because controls were used only to assess rhizobial 
contamination (i.e., no trait comparisons were made with inoculated plants), this would not affect 
our conclusions. We found a single small nodule on only one of the four control plants, 
suggesting that soil sterilization was effective and that experimental cross-contamination was 
minimal. An adequate amount of nitrogen-free Fahraeus solution (Somasegaran & Hoben, 1985) 
was kept in the bottom container of all magenta boxes throughout the experiment. We harvested 
surviving plants after 41-47 days when plants had between 3-4 sets of leaves and measured plant 
growth and symbiont density as above.  
We used PROC MIXED to test for the fixed effects of rhizobium inoculation, plant 
population, soil population, and their interactions on symbiont densities, plant biomass, and the 
ratio of arbuscule density to nodule number (hereafter arbuscules:nodules ratio). Main effects of, 
or interactions with, plant population were non-significant (results not shown, all p > 0.19), and 
for all symbiont density variables the AIC and likelihood ratio tests indicated that including plant 
population in the model added little information (Appendix D; therefore, we present models 
excluding plant population for these variables. MANOVAs were performed in PROC GLM and 
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we report Wilks’ Lambda as the test statistic, though results were similar using alternative test 
statistics. Given previous evidence for tradeoffs between nodulation and AMF infection, we 
predicted a significant effect of rhizobium inoculation on AMF colonization (hyphae, arbuscules) 
– specifically that inoculated plants would have decreased AMF colonization.  
 
Context-dependency across the three experiments - Because the correlations between rhizobium 
and AMF colonization varied among the three experiments (see results), we hypothesized that 
tradeoffs between rhizobium and AMF were more apparent at higher nodulation density. We 
tested this by combining data from all three experiments and performing a quadratic regression 
of arbuscule density on nodule number using PROC REG.   
 
Results 
Correlations between rhizobium and AMF colonization in the field - We found significant 
positive phenotypic correlations between several variables in the field. Larger plants (those with 
both greater aboveground and belowground biomass) had more and heavier nodules and were 
more densely (per root length) colonized by AMF hyphae and arbuscules (Table 1.1). Significant 
positive correlations between total nodule number and AMF colonization were still significant 
after controlling for the size of the root system by including root biomass as a covariate 
(arbuscule density p < 0.01 and hyphal density p < 0.02) – indicating that plant vigor alone is 
unlikely to explain these relationships. We also found significant positive selection coefficients 
(S) for many variables in the field, particularly root biomass, nodule number, mean nodule 
biomass, and the density of AMF arbuscules and hyphae, but notably not spores (Table 1.2). The 
results of multivariate selection analyses, however, were consistent with selective agents acting 
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directly only on root biomass and nodule number (i.e., significant selection gradients or s; 
Table 1.2). 
 
Variation in rhizobium and AMF colonization in the greenhouse - Population was a significant 
source of variation for all symbiotic traits of interest, in particular nodule number and AMF 
colonization (Appendix E), indicating that C. fasciculata possesses genetic variation for 
allocation to AMF and rhizobium symbiotic structures at the population and/or individual level. 
Populations ranged dramatically in the level of both symbiont densities. We found a 96% 
difference in AMF colonization (arbuscule density) between the most- and least-colonized 
populations (populations 3 and 29, respectively) along with an 85% difference in total nodule 
number between most- and least-nodulated populations (15 and 31, respectively).  
Consistent with field observations, we found significant positive phenotypic correlations 
between rhizobial and AMF colonization that persisted after accounting for plant biomass 
(arbuscule density, p < 0.0009, hyphal density p < 0.0001) – once again suggesting that these 
relationships are not merely a function of plant vigor (Table 1.1). These results, in combination 
with the patterns of indirect selection observed in the field (Table 1.2 and discussed above), 
suggest the potential for genetic covariance between plant colonization by rhizobia and AMF to 
constrain or facilitate the response of these traits to selection (Waitt & Levin 1998). As a 
preliminary test of this, we performed ad hoc correlations between the population lsmeans for 
rhizobium and AMF colonization. We found a significant, positive relationship between the 
means for nodule number and arbuscule density (N = 28, r = 0.567, p = 0.0315), though this 
relationship was no longer significant when two populations (3 and 22) that allowed particularly 
dense colonization of symbionts were excluded from the analysis (results not shown).  
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Rhizobium inoculation experiment - As we predicted, additional rhizobium inoculation (above 
naturally-occurring field levels) did decrease AMF colonization. Plants supplemented with extra 
rhizobia were less-densely colonized by AMF hyphae (23% decrease) and spores (42% decrease) 
(Table 1.3; see means in Appendix F). Surprisingly, the effect of rhizobium inoculation on 
nodule number itself was not significant, though the means were in the expected direction, with 
nodule number increasing by 28% (see Appendix S3 in Supplemental Data with the online 
version of this article). In general, the effects of inoculation did not differ among the three soil 
populations (see MANOVA; Table1.3). The one exception was the arbuscules:nodules ratio, 
which differed among the three populations tested (Table1.3); this interaction was driven by 
plants growing in soil from the Mskoda Sands population, the only population in which 
inoculation significantly decreased the arbuscules:nodules ratio (from 11.0±2.4 to 0.7±2.4, p = 
0.0312 based on Tukey’s HSD). Unlike the field and greenhouse experiments discussed above, 
we found little evidence for a positive relationship between nodule number and AMF 
colonization; instead, we observed an overall negative phenotypic correlation between arbuscule 
density and nodule number in both inoculation treatments (which did not depend on treatment; R 
= -0.20, p = 0.0534; see Appendix G) and (non-significant) decreases in arbuscule density (55%) 
and arbuscules:nodules ratio (85%) in the inoculated treatment (Table 1.3; see Appendix F). 
 
Context-dependency across the three experiments - We combined the data from all three 
experiments in a single regression of arbuscule density on nodule number (Figure 1.1). We found 
that, although arbuscule density was positively correlated with nodule number overall (linear 
term = 0.8622; t1,588 = 3.38; p = 0.0008), a significant and negative quadratic term indicated that 
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the slope of this relationship decreases at larger nodule numbers (quadratic slope = –0.0072; t1,588 
= -3.76, p = 0.0002).   
 
Discussion 
Rhizobium and AMF symbioses provide complementary nutrients to plant hosts, and 
legume signaling pathways that control the initiation, maintenance, and number of infections are 
known to be shared by both symbioses. Limited ecological information exists, however, on how 
such known nutritional and regulatory overlap might impact a host’s ability to maintain multiple 
symbioses or whether these shared genes have implications for ecological or evolutionary 
responses in contemporary natural populations. Here we studied rhizobium and AMF 
colonization of partridge pea in the field and greenhouse to explore whether plants experience 
trade-offs as a result of having multiple carbon-requiring mutualistic partners, how rhizobium 
abundances influence AMF colonization, and the potential for evolutionary response(s) in host 
colonization by these symbionts. 
We found little evidence for tradeoffs between AMF and rhizobium colonization under 
natural conditions in the field; instead, plant colonization by AMF and rhizobia was positively 
correlated, with some plants possessing more of both symbionts than others. The results of our 
phenotypic selection analysis in the field are consistent with the action of selective agents that 
favor increased AMF colonization in nature, but only as a result of direct selection on separate 
targets of selection (root size and nodule number). Nevertheless, our study suggests that 
rhizobium nodulation and AMF colonization, and thus the success of these symbionts, are linked 
via their plant hosts, and in ways not predictable if studied pairwise. Namely, when plants were 
heavily-nodulated in a controlled greenhouse experiment, AMF hyphal colonization and spore 
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production responded negatively to increased rhizobial abundances. Together the results of our 
three experiments suggest that MMEs in these interactions will be context-dependent, with 
tradeoffs between rhizobium and AMF colonization potentially playing a minor role in natural 
conditions, but depending on environmental factors. Nevertheless, complementary nutrient 
requirements and/or common genetic or physiological mechanisms likely couple the ecology 
and/or evolution of these symbionts. We discuss the potential explanations for, and implications 
of, our main results below. 
 
Context-dependency of the tripartite symbiosis - Given previous genetic work on legumes under 
controlled laboratory conditions (Catford et al., 2003; Sakamoto et al., 2013), we predicted that 
overlapping negative feedback mechanisms in the host would limit the total number of plant 
infections and impose a tradeoff between AMF and rhizobium colonization in nature. A negative 
correlation between the colonization density of rhizobia (nodule number) and AMF (arbuscules, 
hyphae) would be consistent with such a tradeoff; however, our observations in a natural 
population of C. fasciculata revealed a positive relationship between these symbiotic structures. 
We do note that we did not estimate the extent of extraradical hyphae in our studies, so we would 
be unable to detect any tradeoffs imposed by AMF allocation to these structures.  
Host negative feedback systems that regulate symbiont densities have been presumed to be an 
adaptation to prevent over-colonization and thus wasted photosynthate (e.g., Caetano-Anolles 
and Gresshoff 1991); to our knowledge, this notion has not been tested. In fact, field densities of 
rhizobia and AMF might be low enough that these feedback mechanisms are not commonly 
activated.  In our field study, plants that were more densely colonized by nodules had higher 
fitness, suggesting that agents of selection act to increase nodule number and indirectly AMF 
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infections; thus, plants surveyed in situ were not yet at the saturation point, in terms of the 
benefits of colonization. If the density of symbionts in nature is often substantially below the 
threshold at which the host’s negative feedback systems actually operate, then these shared 
regulatory systems would not be expected to play a strong role in limiting infections in nature 
and therefore only a minor role in shaping microbial assemblages on host roots. 
Nevertheless, we did find some evidence for negative effects of rhizobia on AMF. In our 
inoculation experiment, even plants grown without additional rhizobia in this experiment had 
~13X more nodules on average than field-grown plants. In this highly-nodulated context, 
rhizobium and AMF colonization were negatively correlated and, moreover, adding additional 
rhizobia via inoculation actually decreased the density of AMF hyphae in plant roots. It is 
possible that, at higher nodulation density, tradeoffs between rhizobium and AMF colonization 
become more apparent as a result of increasing costs; indeed, we found some evidence for this in 
our combined regression analysis (Figure 1.1). Thus we hypothesize that tradeoffs might depend 
on the density of colonization, with negative MMEs between these symbionts potentially 
occurring only when host roots are densely-colonized. 
Because N and P alter the cost/benefit ratio of symbiosis for plant hosts (Bronstein, 1994; 
West, Kiers, Simms, & Denison, 2002), it stands to reason that MMEs resulting from legume-
rhizobium-AMF interactions will depend on the soil nutrient environment. We cannot know with 
certainty why nodulation was so dense in the inoculation experiment because we did not 
enumerate the rhizobium populations in these natural soils, but we suspect that P availability, 
rather than rhizobium abundance per se, accounts for this variation and thus the context-
dependency that we observed. The availability of P was undoubtedly higher in the inoculation 
experiment because these plants received N-free Fahreus nutrient solution in the magenta pot 
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containers. Plants are well-known to restrict AMF colonization in response to P fertilization 
(Allen, Sexton, Jr Moore, & Christensen, 1981; G. Caetano-Anolles & P. M. Gresshoff, 1991; 
Douds & Millner, 1999; Douds Jr & Schenck, 1990; Streeter, 1988). Accordingly, although 
root:shoot ratios were similar in the field (0.12±0.0093) and inoculation (0.17±0.0085) 
experiments, the ratio of arbuscule density to nodules was much lower in the inoculation 
experiment (0.55±0.20 overall), compared to either the field (3.2±0.38) or greenhouse (5.4±0.45) 
experiments. Moreover the arbuscules:nodules ratio tended to decrease in the inoculated 
treatment (p = 0.0632; Table 3), suggesting that adding more rhizobia even further restricted 
AMF colonization. 
Given these findings, we hypothesize that P availability in the inoculation experiment 
shifted the costs and benefits of these symbioses, in particular by increasing the cost:benefit ratio 
of AMF symbiosis for plants. In line with this hypothesis, correlations between AMF 
colonization and plant biomass were non-significant in the inoculation experiment despite being 
generally positive in the field and greenhouse (Table 1.1 and Appendix G). Larimer et al. (2014) 
also found that fertilization mediated the effects of AMF on nodulation; the prairie legume 
Amorpha canescens made more nodules in the presence of AMF across all nutrient 
environments, but the effect was actually much larger when plants were fertilized with N or P 
(~200% increase with fertilization, versus ~60% increase without fertilization; A.L. Larimer, 
pers. comm.). Despite the likelihood that P is a key variable differentiating the inoculation 
experiment from the field/greenhouse studies, it is possible that other environmental variables 
(e.g., other nutrients, light availability, or even priority effects such as rhizobium saturation prior 
to AMF colonization; (Werner & Kiers, 2015a) could partially or entirely explain the variation 
we observed in the direction of MMEs among these experiments. Further work manipulating 
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symbiont abundances, nutrient levels, and/or host and symbiont genotypes in factorial 
combinations will help us reach a general understanding of MMEs in this system, as well as their 
environmental-dependence, and thus the potential ecological implications of tripartite 
interactions between legumes, rhizobia, and AMF. 
 
Rhizobia and AMF colonization are coupled in nature - We found positive correlations 
between the density of rhizobia and AMF colonization when we surveyed plants in natural 
populations in the field. While phenotypic correlations based on field observations represent the 
integrated outcome of natural processes, and thus provide ecological relevance, they are only a 
starting point because they result from the sum of environmental and genetic (co)variance in the 
traits of interest. Given previous functional work on legume-rhizobium-AMF tripartite 
interactions (Catford et al., 2003; Gherbi et al., 2008), the positive covariance we observed is 
likely to stem from: (1) environmental covariance due to spatial variation in myriad potential 
abiotic or biotic factors, (2) shared host genetic pathways that regulate both symbioses (i.e., 
genetic covariance), or both. We discuss each in turn. 
If rhizobium and AMF colonization respond independently to environmental factors that 
vary in space (nutrients, water, etc.), this could generate phenotypic correlations in our field 
study. For example, if rhizobium and AMF colonization each respond to N levels, this could 
cause rhizobium and AMF abundances to appear correlated when in fact they are simply 
responding individualistically to the environment. This is essentially the common issue of 
“unmeasured environmental covariances” in phenotypic selection analyses (Rausher, 1992), 
since field estimates of selection are based on correlations between traits and fitness. In addition 
to the abiotic nutrient environment, covariance could also be driven by the biotic environment. In 
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light of the known effects of other microbial players on these better-studied symbioses 
(Benkman et al., 2001; Todd M. Palmer et al., 2010; Strauss & Irwin, 2004), it is very possible 
that the presence and/or abundances of the rest of the rhizosphere community could play an 
important role in generating environmental covariance. It is difficult to know which, if any, of 
the many unmeasured variables might contribute to our phenotypic correlations; nevertheless, 
this issue could be eliminated in future studies by estimating selection using breeding values 
from quantitative genetic designs transplanted into the field (e.g., Etterson & Shaw 2001). 
Nevertheless, given the results from our greenhouse and inoculation experiments (where 
microenvironmental variation is randomized with respect to genotype/treatment), as well as 
previous studies demonstrating that these symbionts influence each other under controlled 
conditions (e.g., Kaschuk et al. 2009, Kaschuk et al. 2010, Koide et al. 2005), it seems likely that 
coupled rhizobium/AMF responses to one or more environmental factors are at least partly 
responsible for the positive phenotypic correlations we found in the field. If host allocation to 
one of these symbionts changes in response to some aspect of the environment (abiotic variables, 
symbiont abundance, or other biotic factors), then either partially-overlapping regulatory 
networks and/or nutritional interdependence could generate the observed positive phenotypic 
covariance between nodule and AMF densities. Both sorts of correlated responses seem feasible. 
On the one hand, multiple genes are known to regulate the number of infections of both rhizobia 
and AMF (Oldroyd 2013), so regulatory shifts might be expected to affect the numbers of 
infections of both symbionts. On the other hand, rhizobia are thought to require high amounts of 
P to carry out N-fixation in host root nodules (Bergersen, 1971; R. T. Koide & Lekberg, 2005); 
such nutritional complementarity can make nodulation respond positively to AMF colonization 
(Bergersen, 1971; R. T. Koide & Lekberg, 2005), generating positive MMEs.  
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In the above scenarios, although rhizobial and AMF colonization would respond in a 
coordinated manner to the environment (generating phenotypic correlations), these plastic 
responses would not preclude independent evolution of host allocation to these two symbioses. 
However phenotypic correlations could also reflect underlying genetic covariance generated by 
shared genetic variants in the host genetic networks known to mediate both symbioses (i.e. the 
common symbiotic pathways (CSP) (Oldroyd 2013) and overlapping negative regulatory 
systems (so-called “autoregulation” of nodulation and AMF colonization; Catford et al 2003). 
Such genetic covariance could potentially couple the evolutionary responses of hosts to multiple 
symbionts (M. J. Wise & Rausher, 2013), and knowing a priori from functional genetic studies 
that these networks are shared within hosts gives weight to this possibility (Oldroy 2013, Catford 
et al. 2003).  
The evolutionary implications of any shared regulatory pathways depend on the degree to 
which genetic variation in the traits under selection (here, rhizobium and AMF colonization 
density) exist in the shared versus independent genes of these known pathways, and of course 
patterns of selection in nature (Conner & Hartl, 2004; Lynch & Walsh, 1998). Our field 
observations revealed that larger plants that were more densely colonized by rhizobia and AMF 
had increased aboveground biomass (our fitness proxy), consistent with total selection favoring 
increased nodule number and arbuscules in hosts. However, given the results of our multivariate 
selection analyses (βs), we would expect that these agents act directly on nodule number only 
(i.e., not on AMF colonization per se). Our evidence suggesting natural selection on symbiont 
colonization in the field, together with the potential for positive genetic covariance between 
nodulation and AMF colonization from the greenhouse experiment, suggest that shared genetic 
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mechanisms have the potential to link the evolution of these interactions in nature. Connecting 
genetic architecture with MMEs will be an interesting avenue for future work. 
 
Conclusions – In order to understand the ecological implications and evolutionary outcomes of 
mutualisms, is it necessary to go beyond pairwise relationships and instead incorporate the 
effects of multiple symbionts on a single host (Palmer et al 2010, Larimer et al 2014, Benkman 
et al 2001). Moreover, we must also move beyond studying fitness effects per se and identify 
specific fitness-related traits that are impacted by these multiplayer interactions (Strauss et al 
2005, Afkhami et al 2014). Here we have studied symbiotic traits in a multiplayer mutualism and 
found that, despite known co-regulatory mechanisms and previous work suggesting tradeoffs 
between rhizobium and AMF colonization under some conditions, these legume hosts are not 
likely to experience tradeoffs rhizobial and AMF symbionts in natural populations. Nevertheless, 
our work also suggests that whether MMEs between these symbionts are positive or negative 
will be context-dependent, varying with the experimental conditions that influence colonization 
rates, namely symbiont abundances or soil nutrients. Further work will be necessary to partition 
the effects of genetic versus environmental variation and thus clarify whether the coupling of 
rhizobial and AMF infection rates results from shared negative feedback systems in the host 
and/or plastic responses to the biotic or abiotic environment.  
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CHAPTER: 3 SHARED GENES BUT NOT SHARED GENETIC VARIATION: LACK 
OF DIFFUSE GENETICS IN EVOLUTION OF LEGUMES, RHIZOBIA, AND AMF 
 
Abstract 
Mutualistic hosts in nature commonly interact with multiple beneficial symbiont species 
in order to gain access to limiting nutrients. One way such multi-player interactions can lead to 
diffuse coevolution is via genetic correlations between the host traits that govern both 
interactions. Rhizobia and arbuscular mycorrhizal fungi (AMF) both interact with legume hosts, 
providing complementary nutrients (nitrogen and phosphorus, respectively). Reverse genetic and 
physiological approaches have revealed extensive pleiotropy in the host genetic pathways that 
control the colonization and ongoing control of both symbioses; however, quantitative genetic 
approaches in natural populations are required to understand whether this overlap will cause the 
evolution of symbiotic traits in a tripartite context to deviate from pairwise expectations. We 
grew 75 families of Chamaecrista fasciculata in field soils that were either left unfertilized or 
fertilized with phosphorus (P), then measured host colonization by AMF (arbuscules, hyphae) 
and rhizobium symbiosis (nodules, nodule size) and computed genetic covariances between these 
traits as well as between the plastic responses of these traits to P fertilization. The lack of genetic 
covariance in host colonization traits and their response to P suggests that genetic variation 
outside the pleiotropic symbiosis pathways enables hosts to regulate the colonization of each 
partner independently of the other, and thus that host colonization rates of rhizobia and AMF can 
evolve independently in response to biotic and abiotic agents of selection. Nevertheless, strong 
genetic correlations between nodule number and plant aboveground biomass in both 
environments suggest that host fitness may be constrained by hosts dependence on availability 
 30 
 
and fitness of the rhizobia partner. Our results suggest that, while host investment in rhizobia and 
AMF is mediated by some shared genes due to a shared evolutionary history, this pleiotropy does 
not constrain the independent evolution of legume hosts in response to these two symbioses.  
 
Introduction 
Hosts that form mutualistic relationships with multiple symbionts, instead of strict 
pairwise symbioses, are more ubiquitous in nature than previously thought (Benkman et al., 
2001; Cleveland, Verde, & Lee, 2011; Todd M. Palmer et al., 2008; von Dohlen, Kohler, Alsop, 
& McManus, 2001). The study of multiplayer interactions in mutualisms (termed multiple 
mutualist effects or MME’s) has largely been focused on ecological effects, e.g., non-additive 
effects on the growth of one or more partner species (Afkhami et al., 2014; Anna Laura Larimer 
et al., 2014). Multiplayer mutualisms, however, also have the power to generate diffuse 
evolutionary outcomes. By altering natural selection, genetic variation, or both in ways not 
predicted by pairwise studies, such multiplayer interactions can fundamentally alter our 
understanding of how traits evolve within the context of natural communities (Iwao & Rausher, 
1997; Ossler, Zielinski, & Heath, 2015; terHorst et al., 2015; Walsh, 2013).  
One way in which multiplayer symbioses are likely to generate diffuse evolutionary 
outcomes is via host genetic correlations between the traits that mediate the signaling, 
establishment, and ongoing modulation of multiple interactions (Heath & McGhee, 2012; Scott 
L. Nuismer & Doebeli, 2004; M. J. Wise & Rausher, 2013) or the mechanisms underlying plastic 
responses of symbiotic characters to environmental cues (Donohue & Schmitt, 1999). Such 
genetic correlations can alter the evolution of selected host symbiotic traits either by constraining 
or facilitating host evolution, compared to expectation from studying pairwise interactions and 
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not considering genetic correlations with other fitness-related traits. Therefore, studying multi-
player interactions can fundamentally change our understanding of how hosts are able to 
maintain multiple symbioses and respond to selection imposed by both partners (Rudgers & 
Strauss, 2004; Stanton, 2003; Thompson & Cunningham, 2002).  
The relationship among leguminous plants, rhizobia, and arbuscular mycorrhizal fungi 
(AMF) is an integral tripartite interaction in terrestrial ecosystems, and serves as an interesting 
model system for the ecological and evolutionary implications of multiplayer symbioses. These 
root symbioses are linked by their evolutionary history; the rhizobium interaction is thought to 
have co-opted the existing plant networks required for interacting with AMF (Geurts & 
Vleeshouwers, 2012; Parniske, 2008). As a result, there are two important facets that make this 
tripartite symbiosis an interesting case study for MMEs: shared genetic control and nutrient 
sensitivity.  
First, shared genetic control of both symbioses resulting from rhizobia co-opting 
signaling pathways from AMF (Geurts & Vleeshouwers, 2012; Parniske, 2008). Previous 
functional genetic studies have revealed that the establishment and regulation of both rhizobia 
and AMF rely on shared host genetic networks, suggesting that interactions between these 
symbionts may be ecologically and evolutionarily coupled (Duc et al., 1989; Senoo et al., 2000; 
Takeda et al., 2013). While hosts have separate receptors for detecting appropriate rhizobium vs. 
AMF signals (Nod versus Myc factors respectively)(Giles E. D. Oldroyd, 2013), both symbionts’ 
signals converge downstream in the common symbiotic pathway (CSP), which regulates access 
to the host and mediates the total number of infections allotted (reviewed by Gough & 
Cullimore, 2011 (Gough & Cullimore, 2011; Markmann & Parniske, 2009; Stracke et al., 2002). 
Mutations within this pathway result in the complete absence of intraradical arbuscules 
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(Demchenko, Winzer, Stougaard, Parniske, & Pawlowski, 2004; Kistner et al., 2005; Pumplin et 
al., 2010; Reddy, Schorderet, Feller, & Reinhardt, 2007; Yano, Yoshida, Müller, Singh, & 
Banba, 2008), decreased hyphal protrusion (Etemadi et al., 2014), and malformed nodules along 
host roots (Lévy et al., 2004). Both symbioses are also controlled via a shared negative 
regulatory system in the host (“autoregulation”), which presumably limits host energy expenses 
and cost for symbiotic establishment (Catford et al., 2003; Penmetsa & Cook, 1997; Vierheilig, 
2004). The physiological coupling of rhizobium and AMF symbioses by these shared genes 
impact on the ecological and evolutionary responses of plants in nature remains unknown.   
Second, host investment in both symbioses is dependent on the amount of available N 
and P (Bonneau, Huguet, Wipf, Pauly, & Truong, 2013). Specifically, changes in the 
environment can alter the host nutritional status and, in turn, the cost to benefit ratios of each 
focal mutualism, which in turn can alter the abundance of host symbiotic traits (N. C. Johnson, 
Graham, & Smith, 1997). Given the complimentary benefits that rhizobia and AMF provide to 
plants, we might expect that plants maintain specificity in environmentally-plastic responses, 
such that less beneficial fungal colonization could be down-regulated independently of rhizobial 
infection and vice versa. For example, soil rich in phosphorus would remove a host from 
resource limitation in such a way that, if AMF did colonize, it would impose a higher cost to the 
host and over time impose a negative effect on host growth and fitness (N. C. Johnson et al., 
1997; Roger T. Koide, 1991). This type of environment would also change host interactions with 
rhizobia. The high P demand of rhizobia to carry out nitrogen fixation also limits hosts in the 
total number of nodules as well as their size along its roots (Iver Jakobsen, 1985; Leung & 
Bottomley, 1987; Singleton, AbdelMagid, & Tavares, 1985). Freeing a host from P limitation 
might remove this barrier and enable hosts to invest more in nodule number as well as size. 
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Therefore, we would anticipate hosts to down-regulate AMF infections plants grown in high P 
(K. Prasad, Aggarwal, Yadav, & Tanwar, 2012; Tanwar, Aggarwal, & Neetu, 2012) and make 
more, heavier nodules. However, shared genetic pathways may also produce an integrated plastic 
response (Donohue & Schmitt, 1999), that is, a concurrent phenotypic response of several traits 
to the same environmental cue. Host response to P may then result in a reduction of both AMF 
and make smaller, less dense nodules.  The correlational response may change across 
environments, but only if both traits have varying degrees of plasticity and if genetic variation 
exists for plasticity (Stearns, de Jong, & Newman, 1991b). Previous work focused on pairwise 
interactions (hosts and one symbiont) have shown that high phosphorus application can reduce 
arbuscule development and in turn decrease AMF colonization on host roots (Balzergue, Puech-
Pagès, Bécard, & Rochange, 2011; Bruce, Smith, & Tester, 1994; S Smith & D Read, 2008), but 
also has a stimulatory effect on rhizobia nodules number (Lekberg & Koide, 2005; Pereira & 
Bliss, 1987; Ronner et al., 2016; Singleton et al., 1985) but the extent to which plants can 
respond plastically to the dual infection of rhizobia and AMF is not clear.  
Here we studied mutualistic tripartite interactions between legume hosts, rhizobia, and 
AMF to in order to gain insight to the plasticity of host colonization and therefore if shared 
genetic pathways impact the evolutionary outcomes of multiplayer interactions. Maternal lines of 
hosts were grown in different soil nutrient environments in order to detect if host symbiotic traits 
are correlated among families, and if these correlations were consistent across environments. We 
first asked if host traits that govern symbiotic infection are constrained by genetic covariance, 
such that as host plants inhibit the establishment of AMF colonization is there also a decrease in 
the total number of nodules, independent of the surrounding soil nutrient level If host plasticity 
for symbiotic traits exhibit an integrated plastic response, then we would expect as soil nutrient 
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levels change, hosts will exhibit a correlated change in the level of investment of AMF and 
rhizobia. This would suggest that the genes that mediate plasticity in host investment in rhizobia 
also act to change host investment in AMF. By discerning how multiple legume symbiotic traits 
covary across genotypes and nutrient environments, we can start to develop a stronger picture of 
how hosts are able to successfully manage multiple symbioses, and how these relationships may 
impact both hosts ability to adapt to rapidly changing environments, as well as the selective 
pressures that shape host adaptation in a community context.  
 
Materials and methods 
Partridge pea is a self-compatible legume that, most like legumes, regularly associates 
with both N-fixing rhizobia (likely Bradyrhizobium species which form indeterminate nodules; 
(Parker & Kennedy, 2006) and arbuscular mycorrhizal fungi (AMF)(S Smith & D Read, 2008). 
Half-sibling seeds of the annual legume partridge pea (Chamaecrista fasciculata, (Michx.) 
Greene) were collected from a remnant savannah population near the Mskoda Preserve in 
Kankakee County, Illinois (41°4.762N, 87°39.419W). In two large patches, where the species 
was very abundant, seeds from C. fasciculata individuals were randomly collected as they 
occurred along two 20m transects. 25 Soil samples were also haphazardly-taken from areas near 
the individual plants and then mixed together to act as growing media for plants.   
Seeds were first surface-sterilized by dipping briefly in 100% ethanol, followed by 10 
minutes in a 10% solution of commercial bleach, and then hand-scarified with a razor (Fenster & 
Galloway, 2000). Seeds were germinated overnight at 32°C, in petri dishes lined with damp filter 
paper. Successfully germinated seeds (those with an emerged radicle; N=900) were planted into 
RL7 stubby Ray Leach Cone-tainers (Stuewe and Sons, Tangent OR) in a completely 
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randomized design in the University of Illinois Plant Biology greenhouse. Cone-tainers were 
filled with a 3:1 mix of the previously combined field soil and sterilized root wash (1:1:1 
soil:calcined clay:torpedo sand.) 
In order to determine how host allocation changed in response to soil nutrient conditions, 
we manipulated the total amount of available phosphorus in two treatments, here after referred to 
“fertilized” and “non-fertilized”. In the fertilized treatment, 0.800g pot-1 of monocalcium 
phosphate (Ca(H2PO4)2 · H2O) was applied weekly during the course of the 4-week experiment. 
seeds from each line were randomly assigned to each treatment (75 plant families x 2 soil 
environments x 6 replicates, for a total of 900 plants).  
In order to evaluate the extent to which known pleiotropy restricts plants from responding 
plastically to the dual infection of rhizobia and AMF, we quantified traits with known pleiotropy 
as well as those that we would expect to respond to changes in nutrient availability, nodule 
number and size, arbuscule and intraradical hyphae density. If shared genetic pathways constrain 
host allocation to both symbionts we would expect to find high colonization of both rhizobia and 
AMF in both treatments.  
After 28 days, we counted the total nodule number on each plant as well as removed each 
nodule using forceps. Plant and nodule tissue were dried at 55°C for 3 days before plant 
aboveground, belowground, and nodule biomass were measured. Mean nodule biomass for each 
plant individual was recorded as the weight of the all nodules divided by the total number of 
nodules. To visualize AMF structures in roots, a modified version of the protocol in Phillips & 
Hayman (1970) was used (Ossler et al., 2015). Briefly, stained roots were laid straight, cut into 1 
cm portions, randomly selected, and mounted in Polyvinyl-Lacto-Glycerol (PVLG) for counting 
the aforementioned AMF structures followed by long-term preservation.  
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Analyses - All analyses were performed in SAS Version 9.4 (SAS Institute, Carey NC). 
Rhizobium traits (total nodule number) were log transformed and metrics of AMF colonization 
(hyphae) were arcsine square-root transformed to improve normality (Linder & Berchtold, 
1976). Phenotypic correlations among all plant traits were computed in PROC CORR for both 
treatments (see Appendix H). Mixed model analysis of variance in the multivariate case to test 
for fixed treatment of fertilizer (plasticity) and random effects of family (genetic variation) and 
the family × fertilizer interaction (genetic variation for plasticity) was carried out in PROC 
MIXED. Least square family means and standard error were also computed in PROC GLM.  
Next, we computed the genetic covariance-variance matrix (G-matrix) for all traits. Traits 
were scaled to a mean of 1 by dividing all values by the overall trait mean. Repeated measures 
mixed model analysis of variance was used in order to model fixed effects of trait (above and 
belowground biomass, nodule number, average nodule biomass, arbuscule and hyphae density), 
treatment (fertilized or not fertilized), family, family x treatment in PROC MIXED. Random 
effects were included using the “type=UN” solution statement (Heath & McGhee, 2012; Messina 
& Fry, 2003; Saxton, 2004). A grouping term was also included in the random statements in 
order to estimate G-matrices separately for the P-fertilized and control treatments (Doroszuk, 
Wojewodzic, Gort, & Kammenga, 2008). To test if the genetic architecture differed between P-
fertilized and control environments, we removed the grouping term and used likelihood ratio to 
test the null hypothesis that there was no significant change in model fit (Doroszuk et al., 2008; 
Heath & McGhee, 2012; Stinchcombe, Izem, Heschel, McGoey, & Schmitt, 2010). In order to 
test whether the covariance of particular traits responded to the P treatment, we used likelihood 
ratio tests to compare the full model to a model in which the tested trait covariance was 
constrained to be equal in both environments (“parms” statement with “hold” option).   
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Finally, to test whether plasticity in host investment in rhizobium and AMF colonization 
in response to P fertilization is genetically correlated, we calculated plasticity for each family in 
response to the fertilizer treatment as the natural log of the family mean phenotype in the P-
fertilized environment divided by the family mean in the control environment (ln(P+/P-) 
(Donohue & Schmitt, 1999). We then tested for genetic correlations between trait plasticities 
using PROC CORR. 
 
Results 
Univariate ANOVAs revealed that family was a significant source of variation for all 
traits – indicating abundant plant genetic variation for plant growth and allocation to both 
rhizobium and AMF symbioses. We detected a significant main effect of P fertilizer for all 
symbiotic traits (nodules, arbuscule density, etc.), but not for host biomass (Table 2.1; Figure 
2.4E; Appendix H). On average, plants in the high P environment had 17.6±9.6 arbuscules 
compared to the unfertilized environment wherein hosts had on average 73.3±23.2 arbuscules 
(Figure 2.4A) By contrast, plant nodule number and nodule biomass increased in the P-fertilized 
environment, by 16.5% (Figure 2.4B; Appendix I) and 21.6% (Figure 1F, 1J; Appendix I), 
respectively. Despite these significant main effects, however, family-by-treatment interactions 
indicate abundant genetic variation for plasticity in response to P fertilization for all measured 
traits (Table 2.1; see reaction norms in Figure 2.4). 
Despite the known existence of extensive pleiotropy in the genetic pathways controlling 
AMF and rhizobium symbioses, we found little evidence of an integrated genetic response in the 
traits we measured. Notably, despite our predictions, nodule number and arbuscule density did 
not covary in either environment (Table 2.2; Figure 2.4C). Indeed, there was little evidence for 
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genetic covariance between measures of rhizobium and AMF infection overall; only hyphal 
density and nodule biomass displayed a significant positive genetic correlation, and only in the 
unfertilized treatment (Table 2.2; Figure 2.4G). Average nodule weight and nodule number, 
however, were positively and significantly genetically correlated with aboveground biomass in 
both P treatments (Table 2.2; Figure 2.4K; Appendix J). 
Model fit was significantly improved by estimating separate G matrices for unfertilized 
and P-fertilized plants (Χ2df =30 = 936.7, p < 0.0001; Table 2), indicating that the genetic 
architecture differed somewhat between P environments. Perhaps not surprisingly, broad sense 
genetic variance in arbuscule density decreased dramatically in the P-fertilized environment, as 
nearly all plant families dramatically decreased arbuscule formation in response to added P (χ2 
=33.14; df =75; p <0.0001) (Table 2.1; Figure 2.4A). Overall there were more instances of 
significant genetic covariance in the P-fertilized treatment (Table 2.2); notably both nodule 
biomass and hyphal density were positively and significantly correlated with aboveground 
biomass, but only in the fertilized treatment (Table 2.2). 
Also in contrast to our predictions based on the known genetic overlap in host control of 
symbioses, plasticity in host allocation to AMF infection (hyphae and arbuscule density) and 
investment in rhizobia (nodule number and average biomass) were not correlated (Figure 2.4D, 
2.1L; Table 2.3). Instead shifts in host investment in response to P fertilization occurred 
independently for these traits. Interestingly, plasticity in total nodule number was positively 
correlated with plasticity in host above ground biomass after controlling for the size of the root 
system by including changes in roots biomass as a covariate (Table 2.3; Figure 2.4H). Meaning, 
plants that responded to increased P by making more nodules also made larger shoots.  
 
 39 
 
Discussion 
Genetic covariance that couples the evolutionary trajectories of selected traits in two 
symbiotic mutualisms represents one way that multiple mutualist effects (MMEs) can alter our 
understanding of ecology and evolution (Afkhami et al., 2014; Rudgers & Strauss, 2004). In the 
legume-AMF-rhizobium interaction, rhizobia are thought to have co-opted existing host 
pathways for initiating and controlling symbiont infections. Here we used a quantitative genetic 
approach to test whether this known pleiotropy of host genes in rhizobium and AMF symbioses 
might generate evolutionarily-relevant genetic covariance between rhizobium and AMF 
colonization. Moreover, we asked whether this genetic architecture changed when plants were 
fertilized with P (which should decrease plant allocation to AMF relative to rhizobia), as well as 
whether the responses of host traits to P fertilization were correlated. Although we found 
abundant genetic variance for rhizobium and AMF colonization, we found very little evidence 
for the anticipated genetic covariance between measures of symbiont colonization in either 
environment – suggesting that unique genetic variants underlying each trait enable hosts to 
evolve independently in response to rhizobium and AMF symbionts. Finally, consistent with our 
previous findings in the field (Ossler et al. 2015), we found strong genetic covariance between 
aboveground biomass and total nodule number when plants were grown in field soils – consistent 
with selection for increased nodule number and suggesting that partridge pea might be limited by 
rhizobium symbionts in nature. We discuss the implications of these main results below.  
 
Shared genetic networks do not constrain host investment in multiple symbionts – Numerous 
studies have established that the CSP is a key host genetic pathway leading to the formation of 
nodules and arbuscules (Demchenko et al., 2004; Gherbi et al., 2008; Oldroyd, 2013; Stracke et 
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al., 2002). Meanwhile others have found overlapping control via the so-called “autoregulation” 
of infection. This known pleiotropy, known a priori from reverse genetic and physiological 
studies, might have meant that host traits connected to this pathway (i.e., nodules and arbuscules) 
could not evolve independently and limit the infection of both rhizobia and AMF in response to 
high P. Instead, the lack of genetic covariance between host investment in AMF and rhizobia, 
and absence of an integrated plastic response to the P environment, indicates that there is 
unaccounted-for genetic variation (either within or outside shared networks) that enables hosts to 
shift their investment in each symbiont independently of the other and respond to selection 
independently in nature.  
Independent regulation of host investment in each symbiont has been proposed to occur 
in pathways operating in parallel with the common/shared symbiosis pathway (Gutjahr et al., 
2008; Kosuta, Chabaud, Lougnon, Gough, & Dénarié, 2003; Kuhn, Küster, & Requena, 2010; 
Takeda, Haage, Sato, Tabata, & Parniske, 2011) as well as in addition to of negative regulatory 
mechanism that may inhibit the colonization of only a single symbiont, not both (Ried, Antolín-
Llovera, & Parniske, 2014). Our understanding of these pathways are still limited and weighted 
more heavily towards rhizobia infection (Lagunas, Schäfer, & Gifford, 2015). Sakamoto et al 
(2013) also found that the faster infection rate of rhizobia triggers the shared negative feedback 
pathway, suppressing AMF colonization, and thus competition between symbionts may limit the 
amount of genetic covariance seen here as well. Integrated control over both rhizobium and 
AMF infections can also be dampened due to the presence of additional systemic pathways 
within hosts that mediate the level of nodulation specifically (Kassaw 2015, Nair 2012). These 
independent regulatory mechanisms likely enable hosts to exhibit different levels of investment 
to each symbiont, as well as changes in investment in response to environment shifts, as seen 
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here. While it is possible that plastic response in nodule number and arbuscules may be directly 
correlated under different environmental components (host quality, water status, herbivory, or 
nitrogen), here we find evidence that supports an indirect relationship between symbiotic traits 
and the expectation for each trait to change and subsequently evolve independently.   
Rapid changes in the environment can also elicit diverse expression of underlying genetic 
variation, despite the genotypes being constant, which in turn can change the presence and 
significance of genotypic correlations (Donohue & Schmitt, 1999; Hillesheim & Stearns, 1992; 
Pigliucci & Schlichting, 1995; Stearns, de Jong, & Newman, 1991a; Van Tienderen & Van 
Hinsberg, 1996). In this case, the magnitude of the genetic variance in arbuscule density 
increased dramatically in the unfertilized treatment indicating that the expression of host genetic 
variation for allocation to AMF was dependent on the P environment. As a result, the 
evolutionary response of AMF infection levels (arbuscules and hyphae) are expected to depend 
on the P availability in the soil, with genetic variance revealed in low-P environments where 
these traits are more likely to affect host fitness. Although we have not found evidence for 
selection acting on arbuscule or hyphal infection densities in our field and greenhouse studies 
(Osser et al., 2015 and herein), these traits might be targets of selection in other environments. 
Despite the general lack of covariance between AMF and rhizobium traits, we did detect 
a weak genetic covariance between AMF hyphae density and average nodule biomass in the 
unfertilized environment. It is a bit unclear how these correlations would arise. It is known that 
AMF can sometimes increase N uptake (Bücking & Kafle, 2015; Govindarajulu et al., 2005; 
Hodge, Campbell, & Fitter, 2001) and that this increase in N results in longer and more 
numerous hyphae (Hodge et al., 2001). Thus it is possible that host genotypes with larger 
nodules generate more fixed N and this benefit indirectly results in increased hyphal 
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colonization. This, however, is only a hypothesis and would need further testing; the AMF 
contributions to host N, and responses to available N, vary widely among species (Hodge et al., 
2001; Hodge & Storer, 2015) and the relationship between AMF and plant N status is only 
beginning to be dissected (Bücking & Kafle, 2015; Hodge & Storer, 2015).  
 
Selection for increased investment in rhizobia in partridge pea – We did find strong genetic 
correlations between nodule number and host fitness, as well as an integrated plastic response 
between host aboveground biomass and rhizobia total/size in response to increased P. In other 
words, in addition to selection for increased nodule number within P environments, families that 
responded to P-fertilization by increasing investment in rhizobia also exhibited a significant 
correlated increase in shoot size. Counter to our predictions, this change was simply unrelated to 
the decrease in allocation to arbuscules. Previous work has shown a prepotency for plant 
offspring to increase their nodule number (Pereira, Miranda, Attewell, Kmiecik, & Bliss, 1993), 
but these generational changes in nodule number were not linked directly to a specific measure 
of host fitness (i.e. seed number or aboveground biomass). Here, we are able to show that 
increased nodule number is a target of selection in partridge pea. Presumably, plants that are 
more susceptible to infection and capable of producing more nodules would have a greater 
potential for fixing atmospheric N2.  
While beneficial, the dependence of legumes on horizontally-transferred, soil-borne 
rhizobia for N fixation has notable limitations. Not only can the spatial heterogeneity of rhizobia 
limit legume establishment (Stanton-Geddes & Anderson, 2011), but the distribution of 
compatible rhizobia can also vary across environments (Odee, Sutherland, Kimiti, & Sprent, 
1995; Thrall, Slattery, Broadhurst, & Bickford, 2007). The physical absence of rhizobia may be 
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supplemented by N-rich soils; however, the genetic covariance seen here between aboveground 
biomass (our fitness proxy) and nodule total/biomass suggests the potential for hosts to be 
limited in aboveground growth, not due to multiple symbionts, but rather the strong dependence 
of host fitness on rhizobia. Nodulation is also not always beneficial for plants and the high cost 
of investment can have a negative impacts on host fitness such as plants in N-rich soils (Streeter, 
1988) or those that become over colonized (Ossler et al., 2015). In these situations, we would 
anticipate agents of selection to limit or even decrease nodule number.  
 
Conclusions – Understanding whether pleiotropy underlies genetic variation in host traits and 
whether these shared genes generate diffuse evolutionary effects in multi-player mutualisms can 
help us understand how symbioses (co)-evolve in the context of complex natural communities. 
While extensive pleiotropy resulted from the co-opting of host symbiosis pathways for one 
symbiosis (with AMF) by a more recent evolutionary innovation (symbiosis with rhizobia), 
leading us to hypothesize that these symbioses would be evolutionarily coupled through host 
genetic covariances, our results indicate that hosts nevertheless retained the ability to establish, 
regulate, and evolve independently in response to rhizobia and AMF. The selective agents that 
act on legume investment in symbiosis, and thus maintain genetic variation in the important 
symbiosis traits like those studied here, remain an important topic for mutualism research (Heath 
& Stinchcombe 2014). Our research suggests that genetic correlations with AMF traits are not 
responsible for maintaining genetic variation for nodulation, though evidence for positive 
directional selection for nodulation begs the question of what forces do act to maintain the 
abundant variation for nodulation we observe in this and other legume species (Heath 2010; 
Weese et al. 2015; Ossler et al. 2015). The particular genes underlying host variation in 
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rhizobium and AMF studied here remain uncertain, but our results suggest that these nucleotide 
variants exist outside the shared pathways for establishment and regulation. Molecular tools 
(QTL mapping, expression analyses) have advanced our knowledge of genes contributing to 
variation in nodule number, specifically Nod Factor Perception (NFP; (Stanton-Geddes et al., 
2013), but similar work is still absent in identifying key genes underlying variation in host 
investment of AMF. Top-down molecular approaches such as mapping could be used to identify 
the substitutions, either within or outside of shared genetic pathways, that underlie ecologically-
relevant variation for symbiosis and thus study their evolution. 
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CHAPTER 4: SHIFTS IN THE COST: BENEFIT CONTEXT ALTERS SELECTION ON 
LEGUME MULTIPLAYER MUTUALISM TRAITS 
 
Abstract 
Nutritional mutualisms in nature often involve hosts that rely on multiple patterns in 
order to gain access to limiting nutrients. While often promoting plant fitness, nitrogen fixing 
bacteria and P-acquiring arbuscular mycorrhizal fungi (AMF) require significant amount of 
limited host photosynthate (the cost) in exchange for nutrients (the benefit). The value of the 
benefit from either partner is dependent in part on surrounding conditions such as soil nutrient 
levels. In environments where hosts are not limited by key nutrients, such as phosphorus or 
nitrogen, hosts gain little benefit from either partner and would be expected to cease investment 
to lower costs.  Therefore, the relative abundance of both traded resources would be expected to 
alter the outcomes in multiplayer mutualisms, shifting interactions that are detrimental to one or 
both partners. Here we conducted a manipulative field experiment to determine how host 
investment in legume-rhizobium- AMF mutualism responds to changing light and nutrient levels. 
We found that both raised host costs and lowered benefit in AMF interacted to influence host 
investment in both nodule number and arbuscules. The addition of P-fertilizer as well as light 
limitation limited host investment in AMF. Increased nodulation on the other hand was favored 
for plants in each environment, but shifts in light and P availability affected the strength of 
selection. Given that arbuscule density was not under direct selection in any environment we 
would anticipate that each symbiont responds differently to agents of selection.  
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Introduction 
In nature, organisms commonly form mutualistic associations with multiple different 
partner species (Benkman, Holimon, & Smith, 2001; Cleveland, Verde, & Lee, 2011; Palmer et 
al., 2008; M. L. Stanton, 2003; Strauss & Irwin, 2004) that confer different benefits, ameliorating 
host resource limitation (N. C. Johnson, 2010; Kahn, Kraus, & Somerville, 1985) and/or pressure 
from predators (Degnan, Yu, Sisneros, Wing, & Moran, 2009) and herbivores (Todd M. Palmer 
et al., 2008). In order to maintain these partnerships, hosts must divert their own limited 
resources (the cost) to promote reciprocal exchange from each partner species (the benefit). As 
such, these interactions are only beneficial as long as the benefits from each partner outweigh the 
cost that both impose on the host (the cost: benefit ratio) (J. D. Hoeksema & Bruna, 2000; M. 
Wise, 2010). Rapid and frequent changes to host condition though predation (Heath & Lau, 
2011; Techau, Bjørnlund, & Christensen, 2004), competition (Aizen et al., 2014; Breton & 
Addicott, 1992), and abiotic stress (Bronstein, 1994) can change the costs and/or benefits of each 
focal interaction.  
Changes in host costs or benefits can generate positive, negative, and neutral effects on 
host fitness, with two possible responses (plastic and evolutionary). On the one hand, hosts can 
often modulate their investment in mutualism(s), and thus the costs they incur, in response to 
shifts in the environment. Changes in the temperature can alter the benefits of reproductive 
structures which in turn can impact selection on outcrossing rates (Spigler & Kalisz, 2013), and 
invasive plants can disrupt interactions among native host plants and symbionts in such a way 
that selection decreases host investment in once beneficial symbionts (Hale, Lapointe, & Kalisz, 
2016).  
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Shifts in the cost:benefit ratio are also expected to change evolutionary outcomes in 
mutualisms (Bronstein, 1994). When benefits received from each symbiont are high (relative to 
costs), selection should act to increase host allocation to both partners, which over time can 
promote reciprocal adaptation and specializations within each partner (Schöner, Schöner, Kerth, 
Suhaini, & Grafe, 2015). Alternately, when costs exceed the benefits gained by hosts, selection 
should favor decreased investment in both symbionts relative to environments where benefits are 
greater and/or costs are lower (Aizen et al., 2014; W. F. Morris, Vazquez, & Chacoff, 2010). As 
a result, if the benefits to one partner continue to decline or their costs continue to increase, the 
mutualistic relationship in question may break down over time or even become antagonistic.  
The context dependency of interactions among mutualistic species is a re-occurring 
theme in understanding how these relationships respond to agents of selection and evolve over 
time (Akcay & Simms, 2011; Bronstein, 1994; Chamberlain & Holland, 2009; Hartley & Gange, 
2009; Heath & Tiffin, 2007; Jason D. Hoeksema et al., 2010; Anna Laura Larimer et al., 2014; S. 
Prasad & Sukumar, 2010). Numerous studies have shown strong effects of nutrients (Nidchaporn 
Na Bhadalung et al., 2005; Salvagiotti et al., 2008; Weese, Heath, Dentinger, & Lau, 2015), 
shade (Heath & McGhee, 2012; N. C. Johnson, Wilson, Wilson, Miller, & Bowker, 2015), 
drought (Liu et al., 2015; Serraj, 2003; Zahran, 1999) and genotype (Bradbury, Peterson, & 
Bowley, 1991; Heath & Tiffin, 2009; Regus, Gano, Hollowell, Sofish, & Sachs, 2015) in 
pairwise relationships. Theoretical expectations also predict that the costs and benefits of the 
interaction will impact symbiotic relationships accordingly (Gokhale & Traulsen, 2012; McAvoy 
& Hauert, 2016). Current investigations into costs and benefits of multiplayer mutualisms have 
been limited to greenhouse settings with cultured populations of symbionts as opposed to field 
settings using naturally occurring populations (Ballhorn et al., 2016; Lau et al., 2012; Son & 
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Smith, 1988). Additionally, no empirical work has tested in a natural setting if the costs and 
benefits of trade in mutualisms is an agent of selection on multiplayer interactions. Lau et al. 
(2012), investigated how the net growth benefits in a focal interaction between legumes and 
rhizobia in a greenhouse setting, altering the availability of both traded resources (hosts costs and 
symbiont benefits). Unfortunately, findings were confounded by plant nutrients being too high in 
greenhouse pots and therefore no clear interaction of light and soil nutrient was found. Ballhorn 
at el. (2016) examined how changes in available host carbon (resulting from light limitation) 
impacted investment in the legume-rhizobia-AMF mutualism, but did not evaluate if light 
limitation actually altered selection on specific traits in either interaction. Therefore, while 
heuristic models hypothesize that effects of light and nutrient limitations may be non-additive, 
(i.e., increase costs make hosts respond more strongly to nutrient additions) no current empirical 
data is able to offer a conclusive result or speculate to these factors being agents of selection 
altering host interactions in multiplayer mutualisms.  
Leguminous plants allocate photosynthetically-fixed carbon simultaneously to two 
important resource mutualists, nitrogen fixing bacteria (rhizobia) and phosphorus-acquiring 
arbuscular mycorrhizal fungi (AMF).  As the surrounding environment changes, so do host 
benefits (nutrients needed by hosts) and host cost (carbon costs to maintain each association). 
For example, in low phosphorus, high light environments legumes often invest heavily in 
arbuscular mycorrhizal fungi (AMF) because host carbon is in surplus while hosts are limited by 
phosphorus, promoting a mutualistic relationship with positive fitness effects for both partners 
(E. Toby Kiers & Heijden, 2006; Schwartz & Hoeksema, 1998). However, as soil phosphorus 
levels increase, the cost to hosts begins to outweigh the benefit (Anna Laura Larimer et al., 2014) 
and hosts typically invest less in AMF (Roger T. Koide, 1991). Both traits are also known to be 
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sensitive to changes in the available amount of host carbon i.e. the cost (Ballhorn et al., 2016; 
Lau et al., 2012; Shukla et al., 2009; Sprent, 1973) as well as surrounding soil nutrient levels (N. 
N. Bhadalung et al., 2005; Simonsen et al., 2015).  Therefore, by measuring these host traits that 
promote nutrient exchange, we are able to quantify changes host investment in each focal 
interaction as well as the overall cost: benefit ratio.  
Here we conducted a manipulative field experiment to investigate the effects of light 
limitation (increased costs due to decreased total photosynthate to invest in symbionts) and soil P 
fertilization (lowered benefits received from AMF) on plastic shifts in host investment in 
rhizobium and AMF symbiosis, as well as how these environments shift selection on host 
investment.We predicted that, if costs (carbon resource) and benefits (nutrient availability) affect 
host investment in belowground symbionts, then the ratio of arbuscules to nodules colonization 
should change depending on light and P availability. For example, we would expect hosts in 
high-light, low-P environments hosts will invest heavily in both symbionts and selection to favor 
investment given the high benefits of each trait (Table 3.1 Panel A). In a P-fertilized 
environment, where the benefits of AMF symbiosis are decreased, we expect host investment in 
AMF structures (arbuscules, hyphae) to decrease, and natural selection on hosts to decrease 
investment in AMF (Table 3.1, Panel B). In light-limited environments, where costs of both 
symbioses are increased, hosts should invest less in both AMF and rhizobia and experience 
either weakened selection for symbiont colonization or even selection to decrease symbiont 
colonization (Table 3.1, Panel C). However, we expect that these effects will be intensified for 
AMF colonization by the environmental interaction of light limitation and P-fertilizer (Table 3.1, 
Panel D); therefore, we expect even stronger selection on hosts for decreased investment in 
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arbuscules, but not necessarily in nodule number given their presumed high benefit (i.e., N 
remains limiting).   
 
Materials and methods 
Partridge pea (Chamaecrista fasciculata, (Michx.) Greene) is a self-compatible, 
outcrossing annual legume, commonly found in prairies, bluffs, sandy savannas and alongside 
river banks (Fenster, 1991; Foote & Jackobs, 1966a). Like most legumes it can form beneficial 
relationships with both nitrogen fixing bacteria, rhizobia and arbuscular mycorrhizal fungi 
(AMF). In order to discern the ecological impact of costs and benefits on host ability to sanction 
investment in belowground symbionts, we conducted a manipulative field experiment in a 
remnant savannah population near the Mskoda Preserve in Kankakee County, Illinois 
(41°04.762N, 87°39.419W). 200 emerging C. fasciculata (those that displayed cotyledons, but 
no true leaves) were randomly sectioned as they occurred along two 20m transects into 14, 
1.8x1.2m blocks constructed with PVC pipe and spaced 0.5 ft. Plants were randomly assigned to 
one of four environments: (1) full sun, P- (2) full sun, P+ (3) shade, P- or (4) shade, P+. Blocks 
contained between 15-35 individuals individual C. fasciculata as well as other naturally 
occurring fauna. In order to limit photosynthetic activity in hosts and lower the total resources 
available to be allocated to the symbionts, half of each block was covered in a 0.5mx0.5m square 
of 50% polyethylene shade cloth suspended 60cm off the ground by PVC scaffolds. Seven 
random blocks were also fertilized using 50kg/ha of monocalcium phosphate which is a large 
enough quantity to inhibit arbuscule formation (K. Prasad et al., 2012) (14 blocks x 14 shade x 
14 full sun x 7 fertilized). Fertilizer was applied weekly to respective blocks and watered 
immediately after to ensure the fertilizer was accessible to host roots. Light intensity was 
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measured weekly with a LI-COR LI-250A light meter to confirm variation in the amount of light 
in shade and sun portions of blocks.  The sensor was placed at the top of the canopy and three 
measurements were taken over the area of each full sun and shade treatment. Light treatments 
were significantly different (results not shown, P<0.0001).  
After 33 days, plants were harvested from the field; the entire plant (including root 
system) was removed from the field, and we counted the total nodule number and removed all 
nodules using forceps. Because AMF structures senesce before fruits are ripe, making 
simultaneous estimation of seed number and AMF colonization impossible, we used plant 
aboveground biomass as a fitness proxy. In these field sites, we have previously found 
aboveground biomass to be highlight predictive of seed number (N=100, R=0.7478, 
P<0.0001)(Ossler et al., 2015)). Average nodule biomass was defined for each individual as the 
weight of all nodules divided by the total number of nodules. AMF structures in roots were 
visualized using a modified version of Phillips & Hayman (1970), whereby randomly selected 
stained roots were cut into 1cm segments and mounted in Polyvinyl-Lacto-Glycerol (PVLG) to 
facilitate counting of AMF structures representative of host investment and nutrient exchange 
(arbuscule and intraradical hyphae), as in (Ossler et al., 2015). 
 
Analyses - All analyses were performed in SAS Version 9.4 (SAS Institute, Carey NC). 
Rhizobium traits (total nodule number) were natural log transformed and metrics of AMF 
colonization (hyphae and arbuscules) were arcsine square-root transformed to improve normality 
(Linder & Berchtold, 1976). Pairwise pearson phenotypic correlations were calculated among all 
host traits in each environment using PROC CORR.  Wet tested for the fixed effects of P 
fertilizer, light treatment, and their interaction as well as the random effect of blocks nested 
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within light treatment, block x fertilizer, and block x light treatment on host biomass and 
colonization of rhizobia and AMF using PROC MIXED (Satterthwaite approximation for 
degrees of freedom, Type III sums of squares). Interactions with block were not significant 
(results not shown; all P > 0.3); therefore, we present final models without these random effects.  
Next we used multiple regression to test whether selection on host colonization (i.e., the 
relationship between host fitness and AMF or rhizobium colonization) shifted depending on the 
light or P environment (Brodie et al., 1995; Lande & Arnold, 1983). Traits were first 
standardized to a mean of zero and a standard deviation of one. We first estimated univariate 
linear selection coefficient (S) using PROC REG for all traits that were significantly influenced 
by our experimental treatments (from Table 3.2; nodule number, belowground biomass, average 
nodule size, and arbuscule density). We further partitioned selection into direct, versus indirect, 
components using multiple regression of mean-relativized aboveground biomass (our fitness 
proxy) on all traits with significant univariate selection coefficients. Because only nodule 
number and belowground biomass were the targets of direct selection (see Results, significant β 
in Table 3.3), we used ANCOVA (Type III sum of squares) to test whether selection on these 
traits differed depending on experimental treatments (light, fertilizer) and their interaction. Shifts 
in selection would be represented by significant trait x environment interactions; for example, a 
significant light x nodule number interaction would suggest that the light environment altered the 
relationship between nodule number and plant fitness (i.e., selection). 
 
Results 
Plastic changes in response to shifting the cost:benefit environment - Treatment combinations 
designed to shift the costs (light environment) and benefits (P availability) of symbiosis 
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interacted to influence the investment of host plants in both AMF and rhizobium symbionts in 
the field. Plants increased investment to rhizobia in response to high P (main effects of fertilizer; 
Table 3.2), but this response was diminished in the shade (significant light × fertilizer 
interaction; Table 3.2; Figure 3.5A). As we predicted, plants decreased allocation to AMF 
arbuscules in high P (main effects of fertilizer; Table 3.1), and these effects were exacerbated 
when light was limiting, with arbuscule density decreasing in response to P in the shade 
(significant light × fertilizer interaction; Table 3.2; Figure 3.5B).  
Plant aboveground biomass responded to the interaction of light and fertilizer; compared 
to the other environments, plants in the full sun, P-fertilized environment exhibited the most 
aboveground growth (Figure 3.5C; Appendix L). Belowground biomass and nodule biomass, 
however, responded only to P fertilizer and overall both decreased when P was added (Table 3.2, 
Appendix L). Finally, AMF hyphal colonization did not respond to any of the experimental 
treatments, but varied among blocks in the field (Table 3.2). 
 
Selection on host investment in belowground symbionts across environments - In addition to 
plastic changes in host investment in one or both symbioses, we predicted that increased costs 
(shade) and/or decreased benefits (P fertilization) would alter selection on these plant traits (i.e., 
host investment in belowground symbionts measured by nodule number and size, arbuscule and 
hyphal density). We found significant positive selection coefficients (S) for arbuscule density, 
nodule number, average nodule biomass, and root biomass (Table 3.3). The results of the 
multivariate selection analyses, however, were consistent with selective agents acting directly 
only on total nodule number and belowground biomass (both positive in all environments). 
Positive total selection on arbuscule density (significant positive selection differential), therefore, 
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resulted from indirect selection on arbuscule density arising from its positive phenotypic 
covariance with nodule number (Appendix M).  
Given the strong evidence for selection on nodule number in all environments, we tested 
whether the strength of selection changed across environments, in line with our a priori 
hypotheses (Table 3.1). ANCOVA revealed that selection for nodule number did change in 
response to light, P fertilization, and the interaction of light and P availability (Table 3.4). While, 
direct selection on nodule number was consistent in each environment, the strength of selection 
changed based on light limitation in hosts and soil nutrient conditions (Table 3.3, Figure 3.6). In 
line with our initial hypothesis, hosts experienced weakened selection on nodule number when 
they were light limited, but selection was strengthened in response to the addition of fertilizer. 
Plants also exhibited strong selection for increased root biomass, but this effect was most 
noticeable in the light limited, unfertilized environment (Table 3.3). 
 
Discussion 
Evolutionary outcomes of plant resource mutualisms are dependent on the net benefit of 
each partnership – that is impact of each trait on host fitness after accounting for the loss of host 
photosynthate required to maintain the interaction. A great deal of work has outlined changes of 
both costs and benefits arising from pairwise interactions (Aizen et al., 2014; Lau et al., 2012; 
Morgan, Bending, & White, 2005; W. F. Morris et al., 2007; William F. Morris, Vázquez, & 
Chacoff, 2010; Savage & Rudgers, 2013), but less so on multiplayer interactions and how these 
changes impact the evolutionary outcomes of each player. Here we carried out a manipulative 
field experiment to study how host hosts investment changed in response to a shift in both traded 
resources (the carbon costs and the P benefits), and how these changes altered the relationship 
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between host investment in symbiosis and host fitness (i.e., how selection on host symbiotic 
traits changed with the environment). We found that both raised host costs and lowered benefit in 
AMF interacted to influence host investment in both nodule number and arbuscules. Plants in 
shade environments, where costs are higher, limited investment in AMF more strongly compared 
to full sun environments. Moreover, the effect of P fertilization on host investment in symbiosis 
with rhizobia actually switched from positive (increasing nodulation) in the sun to negative 
(decreasing nodulation) in the shade. These results suggest that hosts limit their interactions with 
AMF in costlier environments (shade) or when the potential for benefits was low (P-fertilized 
environments). While increased nodulation was favored for plants in all environments, shifts in 
light and P availability affected the strength of selection in the direction we would predict based 
on our understanding of the cost and benefits of this resource mutualism. Arbuscule density, 
however, was not under direct selection in any environments, suggesting that host investment in 
each trait may respond differently to certain agents of selection. The implications of these 
findings are discussed below.  
 
Changing costs and benefits alters plant investment in belowground mutualist - Our results 
indicate that the benefits to plants in symbiosis with rhizobia and AMF varies across 
environments, depending on the availability of the two resources traded in plant-AMF 
interactions (carbon and phosphorus) and effects resulting from legume-rhizobium-AMF 
interaction will in turn depend on both host carbon status and available P in soils. In low light 
conditions, hosts costs to maintain investments in both rhizobia and AMF were much higher 
relative to the full sun environment, resulting in a decrease of both traits. Under sufficient light, 
plant rates of photosynthesis can be upregulated to compensate for the increased carbon sink of 
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both microbial partners (Kaschuk, Kuyper, Leffelaar, Hungria, & Giller, 2009; Walder & van der 
Heijden, 2015). Host investment in nodulation and arbuscules decreased strongly in response to 
shade, presumably due to the decrease in host carbon surplus. While sink strength stimulation 
can presumably be an effective strategy for hosts to keep costs low, our data demonstrates its 
limitations in maintaining net benefits of symbiosis for hosts when light is limited. 
Each symbiont can vary in benefits conferred to hosts depending on a multitude of abiotic 
factors (e.g.,(Serraj, 2003) and biotic factors e.g., partner genotype (Heath, Stock, & 
Stinchcombe, 2010) partner abundance (Ossler et al., 2015).  Such variation in the benefits 
conferred of symbiosis for hosts is why resource mutualisms have so often been described as 
existing along a mutualism/parasitism continuum (N. C. Johnson et al., 1997; Regus et al., 2015). 
Limited empirical work, however, is available to describe how interactions move along this 
continuum in response to interacting facets of the environment (here, light and P) and in 
ecologically-realistic, multiplayer settings, and if multiplayer interactions move in tandem along 
this scale or interpedently of one another.  
It is becoming clear that hosts regulate investment in each partner through numerous 
feedback systems including sanctions of ineffective partners (Bucking & Shachar-Hill, 2005; 
Heath & Tiffin, 2009; Javot et al., 2007; E. T. Kiers et al., 2003), partner choice to maximize 
interactions with beneficial partners (Simms & Taylor, 2002; Werner & Kiers, 2015b), and 
autoregulation that inhibits over-colonization of either rhizobia or AMF (Catford et al., 2003). 
Because our study took place in natural populations in situ, and thus we did not control the 
identity of rhizobial or AMF partners using inoculations, it remains uncertain which particular 
mechanism(s) led to decreased host investment in both symbioses here (in response to shading 
and/or P). Nevertheless, our study shows that both costs and benefits play an integral role in host 
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investment of symbiotic traits, but hosts are able to maintain each partnership in such a way to 
minimize costs by altering investment of each individual in response to raised costs and lowered 
benefits.  
 
Costs and benefits acts as agent of selection on nodule number - Despite the reduction in 
nodule number from the full sun to shaded environment, direct selection still favored increased 
nodule number in light limited fertilized environments (Table 3.2, Appendix L). Selection for 
nodule number also varied across environments and in response to the interaction of fertilizer 
and available light, suggesting that the interaction of both costs and benefits are strong agents of 
selection mediating host investment in nodule number (Figure 3.6, Table 3.3). In line with our 
hypotheses, the strength the selection on nodule number was weakened in light-limited 
environments, presumably due to the large costs to maintain nitrogen fixation within nodules 
(Divito & Sadras, 2014). Given that the predicted magnitude of evolutionary change (the slope β) 
changed between environments. Therefore, while plants may benefit from investing in more 
rhizobia, the strength imposed by the agents of costs and benefits changes how large that 
investment it. 
In comparison, arbuscule density appears to only be under indirect selection, via its 
correlation with nodule number, and only in full-sun, unfertilized conditions. This is in line with 
the strong phenotypic correlation observed between nodule number and arbuscule density found 
here (Appendix M) and in previous experiments at the same field (Ossler et al. 2015). Given that 
selection on host investment in nodules changed depending on the environment, it is possible 
that selection could act directly on host investment in AMF under different environmental 
conditions; perhaps C. fasciculata are simply more N- than P-limited in the field (even in 
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unfertilized environments) – making the N benefits from nodules generally more important to 
host fitness than the phosphorus benefits of AMF. Given the wide range of benefits that AMF 
can confer to hosts, including drought tolerance, mineral acquisition, and increased pathogen 
protection (Sikes, Powell, & Rillig, 2010; S. Smith & D. Read, 2008), we might expect different 
agents of selection to act directly on host investment in AMF structures, such as drought stressed 
hosts which may experience selection to increase AMF. There are also still ecological and 
indirect effects that each may impose on each other such as indirect competition for root space 
due to variation in colonization rates (Sakamoto et al., 2013) and increased nitrogen fixation 
resulting from P acquisition via AMF (Tajini, Trabelsi, & Drevon, 2012), but our work here 
demonstrates the very different responses to selection and the surrounding environment both 
traits experience highlighting how host investment is altered in response to both changes in costs 
and reduction of certain benefits.  
 
Conclusions - Host investment in multiple symbionts is a common occurrence in nature. Many 
of the symbionts that share host resources represent different ecological functional groups and 
trophic levels (Hartley & Gange, 2009; Ossler et al., 2015; Savage & Rudgers, 2013). The 
outcomes of these interactions are highly dependent on the environment, which shapes host costs 
and associated benefits from microbial interactions. Here we were able to examine cost:benefits 
of a complex multiplayer mutualism in a natural setting to examine how different agents of 
selection impact each symbiosis and their impacts on overall host fitness.  Given the role of both 
traded resources to influence the fitness outcomes of resources mutualisms and the disparate 
selection on multiple traits it is possible that hosts are able to rely on multiple different partners 
because of systems of regulation that successfully partition investment. Our data demonstrates 
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hosts ability to maintain focal relationships independently of raised costs in other symbiosis 
however variation in the strength of host dependence on AMF compared to rhizobia raises 
questions of what promotes variation in reliance on different mutualists and how that interactions 
changes among environmental context.  
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CHAPTER 5: GENERAL CONCLUSIONS  
 
Hosts in nature interact with a wide range of symbionts; however, outcomes of these 
interactions do not necessarily follow those expected from strict pairwise interactions in terms of 
costs and benefits.  While in some cases benefits of one partner may be enhanced in the presence 
of a second symbiont (i.e. synergism) multiple symbionts relying on a single host can result in 
direct competition for limited host resources which can lead to a decrease in anticipated host 
benefits (i.e. antagonism/parasitism) (Afkhami et al., 2014). In the case of AMF and rhizobia, the 
same continuum of benefits has been observed through multiple studies, although on the whole 
the interactions tend to be more beneficial then negative for hosts (Anna L. Larimer, Bever, & 
Clay, 2010). Given the continuum along which benefits may be gained it is important to 
understand if benefits are being enhanced in the presence of a second symbiont, remain constant, 
or become deleterious to host fitness (Dimijian, 2000; N. C. Johnson et al., 1997; Anna L. 
Larimer et al., 2010). While a large body of theoretical work is available on the direct effects of 
one partner on the costs and benefits of the focal interaction, we still lack a predictive understanding of 
how more complex mutualisms may respond to natural selection and subsequently evolve due to the 
multiple interactions i.e. the potential for tradeoffs and the role of the underlying genetic architecture.  
Multi-player mutualisms can have ramifications for host fitness as well as how these 
species interactions evolve over time. Multi-player interactions have been found to change the 
ecological costs in focal interactions (J. D. Hoeksema & Bruna, 2000; Strauss et al., 2005), alter 
the fitness benefits of interacting with different species (Todd M. Palmer et al., 2011), change 
how selection acts on one or both partners (Rudgers & Strauss, 2004; Stanton, 2003; Thompson 
& Cunningham, 2002), and as a result they can dramatically alter ecological and evolutionary 
predictions of mutualistic interactions (Strauss & Irwin, 2004). The underlying costs and benefits 
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driving these interactions however are sensitive to changes in the surrounding environment such 
as nutrients (Nidchaporn Na Bhadalung et al., 2005; Salvagiotti et al., 2008; Weese et al., 2015), 
shade (Heath & McGhee, 2012; N. C. Johnson et al., 2015), drought (Liu et al., 2015; Serraj, 
2003; Zahran, 1999) and even partner genotype (Bradbury et al., 1991; Heath & Tiffin, 2009; 
Regus et al., 2015) in pairwise relationships. As a result, investigations aimed at understand how 
these relationships respond to agents of selection and evolve over time as well as their context 
dependency of interactions among multiple mutualistic species is a growing topic (Akcay & 
Simms, 2011; Bronstein, 1994; Chamberlain & Holland, 2009; Hartley & Gange, 2009; Heath & 
Tiffin, 2007; Jason D. Hoeksema et al., 2010; Anna Laura Larimer et al., 2014; S. Prasad & 
Sukumar, 2010). 
Multi-player mutualisms can have ramifications for host fitness as well as how these 
species interactions evolve over time. In particular, we would expect symbioses to evolve 
separately of each other only if traits governing their interactions with hosts are uncorrelated, the 
presence of one symbiont does not alter other symbiont interactions, and the fitness of one 
symbionts is not contingent on the second symbiont. In comparison, diffuse evolution would be 
anticipated if traits that mediate host interactions with both symbionts are correlated, and the 
presence of one symbiont impacts the second symbiont as well as its fitness (Iwao & Rausher, 
1997).  
Given the shared host regulation that mediates host allocation to both symbionts we 
expected to observe tradeoffs. However, in the field as well as other greenhouse studies 
presented here, AMF and rhizobia more often than not were positively correlated along host 
roots, above plant size, meaning plant vigor alone did not explain this relationship suggesting the 
potential for diffuse evolution. However, costs and benefits played a crucial role in the 
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relationship underlying this correlation. When hosts costs to maintain AMF were raised, hosts 
ceased allocation to AMF but this did not hinder hosts relationships with rhizobia, in fact 
selection still favored hosts with a high nodule number in multiple field experiments. 
Furthermore, in the greenhouse we observed that hosts heavily colonized by rhizobia had a 
significantly lower abundance of AMF.  
We also hypothesized that host plasticity for symbiotic traits would exhibit an integrated 
plastic response, resulting in a correlated change in the level of investment of AMF and rhizobia 
in response to changes in the soil nutrient levels. However, we found little evidence for genetic 
covariance among traits, despite known shared regulatory systems and pleiotropic genes. 
Therefore, traits governing host interactions with rhizobia and AMF are most likely uncorrelated 
and therefore would be expected to evolve independently of one another. In nature, the presence 
of rhizobia did not have deleterious effects on AMF or create any synergistic effects on host 
fitness. Thus, the second criteria again lends heavily towards suggesting that these traits will act 
independently of each other. Overall, despite the fact that shared genes are required for 
colonization of both AMF and rhizobia, we would expect each trait to evolve independently of 
each other in natural populations of Chamaecrista fasciculata.  
Finally, we hypothesized that agents of selection would arbuscules to nodules 
colonization should change depending on light and P availability. Therefore, selection on each 
trait would shift across environments, in such a way that when benefits are changed each target 
of selection responds differently to promote host investment in rhizobia while limiting its 
interactions with AMF. 
Here we have studied symbiotic traits in a multiplayer mutualism and found that, despite 
known shared mechanisms and previous work suggesting tradeoffs between rhizobium and AMF 
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colonization, legume hosts are not as likely to experience diffuse evolution or any resulting 
tradeoffs in rhizobial and AMF symbionts in natural populations.  
While our results might be interpreted to suggest that it’s acceptable to study these 
interactions in a pairwise manner, we urge caution since we didn’t estimate one of the main 
mechanisms of diffuse coevolution, that being if selection on the two partners is dependent on 
the presence of the other. Nevertheless, the work outlined here illustrates the importance of 
moving beyond studying fitness effects in isolation and identify specific fitness-related traits that 
are impacted by these multiplayer interactions (Strauss et al 2005, Afkhami et al 2014). Using a 
trait centered approach we have shown not only does the strength of selection change across 
environments, but more importantly what specific trait is being selected for (in this case, nodule 
number and surprisingly not AMF). Finally, we highlighted the strong context-dependent 
relationship in this particular MME under conditions of symbiont abundance, soil nutrients, and 
host available photosynthate which gives a deeper insight as to why these relationships are so 
variable in the benefits they provide hosts. 
While the work here highlights the potential for pairwise evolution in multiplayer legume 
mutualisms, there is still the potential for variation in each relationship to arise stemming from 
symbiont partner quality, i.e. the fitness benefits conferred to hosts. Symbiont partner quality can 
play a large role in determining host fitness, potentially leading to indirect effects on the other 
symbiont mediated by these changes in host fitness (Walsh, 2013) and thus acting as an agent of 
selection on host investment. Continued work in studying how selection responds to 
presence/absence of different symbionts as well as defining the genetic architecture underlying 
each trait (i.e. which elements of symbiosis pathways are fixed/under purifying selection to 
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remain the same and which are variable in host allocation to symbiosis) is also important in order 
to understand what maintains variation in host allocation to multiple symbiosis.  
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FIGURES AND TABLES 
 
Table 1.1. Pairwise phenotypic correlations (R) between estimates of plant growth, rhizobium colonization, and AMF 
colonization taken from C. fasciculata plants in situ a natural population (below the diagonal) or in a greenhouse  
experiment consisting of 28 plant populations grown in field soil (above the diagonal). * p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001 
  
 
Plant Characters Rhizobium Characters AMF Characters 
Above Ground 
Biomass 
Below ground  
biomass 
Nodule Total 
Pernodule  
Biomass 
Arbuscule 
Density 
Hyphae Density 
Spore 
 Density 
Above ground 
 biomass 
  0.12454 0.58843**** -0.00029 0.19765*** 0.28077**** 
0.24562**** 
Below ground 
 biomass 
0.56934****   0.02597 0.36352**** 0.04012 0.05527 
0.00883 
Nodule Total 0.30882**** 0.20455***   0.28338**** 0.25891**** 0.1072 0.20909*** 
Average nodule 
mass 
0.17093* 0.08431 0.18793**   0.05634 0.1634* 
0.06888 
Arbuscule 
Density 
0.19853*** 0.31273**** 0.22169*** -0.03894   0.22173**** 
0.31332**** 
Hyphae Density 0.15907* 0.15754* 0.11177 0.11767 0.22167***   0.40149**** 
Spore Density 0.00378 0.06096 -0.10183 -0.03905 -0.13882 0.40325****  
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Table 1.2. Univariate linear selection coefficients (S) and selection gradients (β) for the allocation of C. fasciculata plants to 
rhizobium and AMF symbiosis in a natural population (N=178). *p<0.05, **p<0.01, ***p<0.001 
 
  
Trait  S β 
Belowground 
Biomass 3.12*** 2.92*** 
Nodule Total 0.0346*** 2.63** 
Average 
nodule mass 0.0876* 1.56 
Arbuscule 
Density 0.00653*** -0.351 
Hyphae 
Density 0.0383 0.0914 
Spore Density 0.000667 0.772 
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Table 1.3. ANOVAs and MANOVA testing for the effects of (A) rhizobium inoculation, soil population, and their interaction on 
symbiont colonization (plant population did not improve model fit) or (B) the effects of rhizobium inoculation, soil population, plant 
population, and their interactions on plant growth, for C. fasciculata grown in field soil containing indigenous populations of rhizobia 
and AMF. Denominator df = 82.  
 
  
A. 
Nodule 
Total 
Mean Nodule 
Biomass 
Arbuscule 
Density 
Hyphae 
Density 
Spore 
Density 
Arbuscule to Nodule 
Ratio 
MANOVA 
F P F P F P F P F P F P F P 
Inoculation  
(num df=1) 
1.86 0.1770 1.37 0.2450 2.84 0.0961 3.8 0.0548 7.73 0.0068 3.53 0.0632 2.75 0.0340 
Soil Population 
(num df=2) 
1.27 0.2854 0.84 0.4355 2.77 0.0685 1.83 0.1678 0.06 0.9374 2.95 0.0573 1.02 0.4256 
Inoculation X Soil 
Pop (num df=5) 
0.24 0.7866 0.12 0.8848 2.85 0.0635 2.39 0.0984 1.02 0.3654 3.10 0.0511 1.33 0.2333 
B.  
Aboveground Biomass Belowground Biomass MANOVA 
F P F P F P 
Inoculation (num df=1) 0.50 0.4799 0.31 0.5805 0.25 0.7792 
Soil Population (num df=2) 1.02 0.3648 0.71 0.4956 0.52 0.7189 
Plant Population (num df=2) 0.72 0.4883 0.06 0.9401 1.59 0.1811 
Inoculation X Soil Population (num df=2) 1.68 0.1926 2.42 0.0922 1.77 0.1388 
Inoculation X Plant Population (num df=2) 0.49 0.6157 0.44 0.6460 0.25 0.9107 
Soil pop X Plant Pop (num df=4) 1.76 0.1452 2.33 0.0639 1.52 0.1542 
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Figure 1.1. Phenotypic correlation between arbuscule density and total nodule number for C. fasciculata individuals from each 
of the three experiments (dashed lines, linear regressions) and for all data points combined (solid line, quadratic regression). 
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Table 2.1. Mixed Model ANOVA for host investment in symbiotic structures among 75 families of C. fasciculata grown in field soil. 
For random effects in all univariate models, the chi square value is shown (log res likelihood) *p≤0.05,**p≤0.001,***p≤0.0001. For 
the fixed effect denominator degrees of freedom ranged from 63.2-75.4. 
  
Random Effects 
(2) 
Plant Traits Rhizobia Traits AMF Traits 
Aboveground 
Biomass 
Belowground 
Biomass 
Nodule 
Total 
Average 
Nodule 
Biomass 
Arbuscule 
Density 
Hyphae 
Density 
Family  140.60*** 37.60*** 47.90*** 5.70* 75.36*** 10.30** 
Family x Fertilization  58.30*** 7.67* 20.70*** 4.2* 33.14*** 5.40* 
 
Fixed Effects 
(F) 
F(1,71.8) F(1,75.4) F(1,74.9) F(1,63.2) F(1,73.6) F(1,68.2) 
Fertilized 2.13 3.55 7.7*** 16.96*** 147.62*** 280.4*** 
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Table 2.2. Genetic correlations among symbiotic host traits among 75 families of C. fasciculata grown in two treatments, not 
fertilized (above the diagonal) and fertilized (below diagonal). Diagonal, in italics, show broad sense genetic variance *p≤0.05, 
**p≤0.001, ***p≤0.0001. 
  
  
 
Plant Characters Rhizobia Characters AMF Characters 
Aboveground 
Biomass 
Belowground 
Biomass 
Nodule Total Average Nodule 
Biomass 
Arbuscule 
Density 
Hyphae 
Density 
Aboveground 
Biomass 
0.4890 
(0.4375) 
0.05615 0.1763*** -0.00911 0.01969 0.04092 
Belowground 
Biomass 
0.01495 0.2481 (0.3277) 0.06623 -0.02121 0.03105 -0.01452 
Nodule Total 
0.2251** 0.09574 
0.2825 
(0.3433) 
0.00589 0.00148 0.03411 
Average 
Nodule 
Biomass 
0.1519** 0.04688 0.08797* 0.1222 (0.06268) 0.01719 0.04851* 
Arbuscule 
Density 
-0.0011 0.02906 0.01157 0.00724 0.3979 (0.07808) 0.04771 
Hyphae 
Density  
0.1163** 0.00318 0.06109 0.01454 0.03962* 
0.1031 
(0.1083) 
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Table 2.3. Pairwise correlation (R) of phenotypic plasticity among estimates of plant growth, rhizobia, and AMF colonization. 
Plasticity is defined as natural logarithm of the ratio P(+)/P(-). *p≤0.05, **p≤0.001, ***p≤0.0001.  
  
 
 Plant Characters Rhizobia Characters AMF Characters 
Aboveground 
Biomass 
Belowground 
Biomass 
Nodule 
 Total 
Average Nodule 
Biomass 
Arbuscule 
Density 
Hyphae 
 Density 
Aboveground 
Biomass 
  
Belowground 
Biomass 
0.11761   
Nodule  
Total 
0.54282*** -0.03695   
Average 
Nodule 
Biomass 
0.28346** -0.05020 0.27838*   
Arbuscule 
Density 
0.19132 0.05593 0.05967 0.20816   
Hyphae  
Density 
0.14880 -0.00641 0.11469 0.16806 0.29290*  
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Figure 2.1. Plasticity and genetic correlations of plant growth and symbiotic traits from 75 maternal half-sib families of C. 
fasciculata grown in either fertilized (+P) or unfertilized (–P) environments. The two left-most figures in each row (A-B; E-F, I-J) 
depict reaction norms (family means) for two traits in response to P fertilization. Panels C, G, K of each row depict genetic 
correlations among those two traits in both P environments (least-squares family means with standard error), with open circles 
indicating plants reared in the (P-) environment, closed triangles indicating plants reared in the (P+) environment. Significant 
relationships are indicated by trend lines (dashed, –P; solid, +P). The final panel in each row (D, H, L) depicts the genetic correlation 
between plasticities of the two traits, with significant correlations indicated by trend lines.  
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Table 3.1. Predicted outcomes of for plasticity in host investment and selection on host investment of rhizobia and AMF in response 
to changes in light and soil environment. 
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Table 3.2. Mixed Model ANOVA for host investment in symbiotic structures for C. fasciculata grown in remnant prairie (N=182) 
with 14 blocks, containing sun and shade treatments and 7 blocks fertilized with phosphorus) For random effects in all univariate 
models, the chi square value is shown (log res likelihood) *p≤0.05, **p≤0.001, ***p≤0.0001. For fixed effects, denominator degrees 
of freedom ranged from 16.5-176.   
 
 
Aboveground 
Biomass 
Belowground 
Biomass 
Nodule Total 
Average 
Nodule 
Biomass 
Arbuscule 
Density 
Hyphae 
Density 
Fixed Effects (F) 
 
Fertilizer 
F 
(1,16.5) 
0.5 
F 
(1,23.2) 
5.18* 
F 
(1,176) 
4.73* 
F 
(1,16.6) 
5.23* 
F 
(1,22.5) 
8.84*
* 
F 
(1,24.1) 
0.02 
Light Treatment 
F 
(1,16.5) 
13.5*
* 
F 
(1,23.2) 
8.15** 
F 
(1,176) 
31.4**
* 
F 
(1,16.6) 
1.94 
F 
(1,22.5) 
10.99
** 
F 
(1,24.1) 
0.37 
Fertilizer x 
Light Treatment 
F 
(1,16.5) 
7.09* 
F 
(1,23.2) 
1.03 
F 
(1,176) 
8.59** 
F 
(1,16.6) 
1.53 
F 
(1,22.5) 
17.4*
** 
F 
(1,24.1) 
0.36 
Random Effects 
(χ2) 
 
Block 20.5*** 10.1** 0.16 3.1 2.6 10.8** 
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Table 3.3. Univariate selection coefficients (S) and selection gradients (β) for the allocation of C. fasciculata plants to Rhizobium and 
AMF symbiosis in four experimental environments differing in light and phosphorus availability *p≤0.05, **p≤0.001, ***p≤0.0001 
 
  
Environment  Trait  S β 
Full Sun, No 
Fertilizer 
Average Nodule 
Biomass 
0.0639* 0.48 
Root Biomass  0.177*** 3.71** 
Arbuscule 
Density 
0.0689* -0.50 
Nodule Number 0.0923** 3.59** 
Full Sun, 
Fertilizer 
Average Nodule 
Biomass 
0.0543* 1.70 
Root Biomass 1.24*** 3.62** 
Arbuscule 
Density 
0.060 0.32 
Nodule Number 0.0430*** 3.87** 
Shade, No 
Fertilizer 
Average Nodule 
Biomass 
0.0242 0.76 
Root Biomass 0.137*** 13.50*** 
Arbuscule 
Density 
0.0227 -1.40 
Nodule Number 0.0506* 2.51* 
Shade, 
Fertilizer 
Average Nodule 
Biomass 
0.00379 -1.55 
Root Biomass 0.0371*** 3.91** 
Arbuscule 
Density 
0.00150 -0.59 
Nodule Number 0.0243* 2.77* 
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Table 3.4. Results of ANCOVA examining the effect of light source and fertilizer on traits under direct selection *p≤0.05, **p≤0.001, 
***p≤0.0001 
 
 
 
 
 
 
 
 
 
 
 
 
  
Variable  F 
Lightsource 3.29** 
Fertilizer 5.45*** 
Lightsrouce * Fertilizer 10.82*** 
Lightsource * Nodule Number 3.33** 
Fertilizer * Nodule Number 2.91* 
Fertilizer * Lightsource * Nodule Number  3.68** 
Lightsource * Belowground Biomass 4.72*** 
Fertilizer * Belowground Biomass 1.69 
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Figure 3.1. Change in the total average nodule number, arbuscule density, and aboveground biomass in each environment of sun (no 
fill) or shade (solid fill) and fertilized or unfertilized.  
 
  
 
 
 
  
A
.  
B
.  
C
.  
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Figure 3.2. Selection on C. fasciculata for investment to Rhizobium nodule number in differing environemtns of light and available P.  
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Appendix A: Comparison of per-fragment estimates of AMF colonization of C. fasciculata from the field (N=10) in either 10 
1cm-root fragments or the entire root system as well as the Pearson correlation coefficient comparing the relationship between 
estimates of AMF colonization for each structure (* P < 0.005) 
 
Plant Total 
Number 
of  
Root 
Fragments 
Per-fragment  
number of 
arbuscules  
 (10 
fragments) 
Per-
fragment  
number of 
arbuscules  
 (All 
fragments) 
Per-fragment  
proportion of 
roots  
colonized with 
hyphae 
 (10 
fragments) 
Per-
fragment  
proportion 
of roots  
colonized 
with hyphae 
 (All 
fragments) 
Per-fragment  
number of 
vesicles  
 (10 
fragments) 
Per-fragment  
number of 
vesicles  
 (All 
fragments) 
Per-fragment  
proportion of 
roots  
containing 
spores 
 (10 
fragments) 
Per-fragment  
proportion of 
roots  
containing 
spores 
 (All 
fragments) 
59 42 382.2 393 42 43 21 61 31.5 33.5 
92 28 95.2 172 28 28 56 77 22.4 23 
191 34 119 198 20.4 27 54.4 47 20.4 29 
160 20 68 136 7.2 12 0 4 2.4 6.2 
162 31 517.7 438 22.32 23 29.76 222.6 18.6 14 
196 71 667.4 471 42.6 47 17.04 15.4 25.56 25.6 
165 36 345.6 271 36 32 165.6 499 21.6 28 
109 38 247 260 27.36 35 22.8 6 13.68 27.6 
186 30 402 344 29.82 28 106.5 53.5 17.04 23.68 
180 26 343.2 341 25.844 22 0 3 18.46 18.1 
  
Pearson Correlation 
Coefficient 
Between 10 fragments 
and all root fragments 
Per-fragment Arbuscules  Per-fragment Hyphae Per-fragment Vesicles Per-fragment Spores 
 0.97* 0.94* 0.77* 0.78* 
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Appendix B: Visual examination of host symbiotic structures A. 20X magnification of single nodule using dissecting 
microscope B. 10X magnification using dissecting microscope showing the distribution of nodules along individual host plant 
C. 40X magnification of single intraradical arbuscule using a compound microscope D. 40X magnification of cluster of 
arbuscules along a length of host root using a compound microscope.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C 
D 
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Appendix C: GRIN accession numbers and collection location information for the accessions used in genetic variation experiment.  
 
 
Population Number Accession Plant ID State
1 PI 638975 9028400 MS
2 PI 638976 9028410 MS
3 P I638977 9028414 AR
4 PI 638978 9028427 MS
5 PI 638979 9028449 AR
6 PI 638980 9028451 AR
7 PI 638981 9028475 LA
8 PI 638982 9028480 LA
9 PI 638983 9028482 LA
10 PI 638984 9028593 MS
11 PI 638985 9028436 AR
12 PI 641947 9021656 AR
13 PI 643888 9021262 AR
14 PI 643890 9021655 AR
15 PI 643891 9021666 AR
16 PI 643894 9028914 MS
17 PI 211594 No.53458 NB
18 PI 215195 No. 53518 NB
19 PI 421258 Riley KS
20 PI 421727 COMANCHE TX
21 PI 593050 NJ-39 NJ
22 PI 638964 9021320 GA
23 PI 638965 9021660 AR
24 PI 638966 9028306 MS
25 PI 638967 9028354 AR
26 PI 638968 9028367 AR
27 PI 638969 Lark Selection AR
28 PI 638970 9028379 MS
29 PI 638971 9028380 MS
30 PI 638972 9028390 AR
31 PI 638973 9028393 AR
32 PI 638974 9028396 AR
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Appendix D: Akaike's Information Criteria (AIC) and likelihood ratio test (χ2) comparing models that either do, or do not, 
include the effect of plant population and interactions. **p < 0.001; ****p < 0.0001. 
 
Trait 
AIC including plant 
population 
AIC excluding plant 
population 
χ2 
(df =3) 
Plant aboveground biomass 34.5 23.4 11.1** 
Plant belowground biomass -209.2 -244.4 35.2**** 
Nodule number 832.9 835.9 0.1 
Average nodule biomass 362.3 364.3 1.6 
Arbuscule density 876.7 876.7 2.9 
Hyphae density 743.5 743.8 0 
Spore density 711.3 713.0 0.7 
Arbuscule to Nodule Ratio 650.8 651.4 0.6 
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Appendix E: Tests of genetic variation in rhizobium and AMF colonization among 28 populations of C. fasciculata grown in 
field soil. From one-way ANOVA for the effect of population (N=323, Num df = 27, Denominator df = 295). 
*p<0.05,**p<0.001,***p<0.0001 
 
 
 
 
 
 
 
 
 
 
 
  
Source of 
Variation MS F 
Plant size 
Above Ground 
Biomass 0.0.0667 7.072**** 
Below Ground 
Biomass 0.0126 5.81**** 
Rhizobium 
colonization 
 
Total Nodules 213.920 3.79**** 
Mean Nodule 
Biomass 0.858 1.9** 
AMF 
colonization 
Arbuscule 
Density 10255.7 2.12**** 
Hyphae 
Density 15.9535 2.02** 
Spore 
Density 3.96151 1.64* 
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Appendix F:  Mean values and standard error for the total plant biomass and host symbiotic traits in C. fasciculata from the 
field (A; N=178) and greenhouse observations (N=340), as well as from the manipulative rhizobium inoculation experiment of 
plants that either did, or did not, receive supplemental inoculation with rhizobium (N=94) 
 
 Plant Characters Rhizobia Characters AMF Characters  
Above 
Ground 
Biomass 
Below Ground 
Biomass 
Total 
Nodules 
Mean 
Nodule 
Biomass 
Arbuscule 
Density 
Hyphae 
Density 
Spore 
Density 
Arbuscule to 
Nodule Ratio 
A. Field 
Observations 0.549±0.549 0.0644±0.0898 3.494±4.397 3.306±5.951 11.179±15.0149 72.417±20.409 39.494±23.536 3.2±0.38 
B. Genetic 
Variation 
Experiment 
(Overall Mean) 0.074±0.047 0.085±0.065 8.727±8.36 0.543±0.687 48.101±31.1 48.860±2.9 8.153±1.59 5.4±0.45 
Population Means 
and Standard error   
1;N=5 
0.041±0.019 0.06375±0.041 7.25±3.59 0.251±0.056 6±0.0 10.00±1.0 
0±0.0 0.82±0.42 
2;N=9 0.073±0.017 0.059±0.027 12.667±5.9 1.089±0.11 85.333±56 57.778±1.4 
17.778±0.49 6.7±1.6 
3; N=5 0.092±0.017 0.093±0.027 14.200±5.8 0.336±0.12 148.80±55 62.000±1.4 8.000±0.49 14.5±4.0 
5;N=3 0.145±0.11 0.095±0.066 3.000±1.0 0.828±0.56 29.000±1.0 60.000±4.0 0.000±0 9.6±3.5 
6; N=4 0.110±0.0 0.195±0.025 12.000±0 1.406±0.45 65.000±9.0 50.000±1.0 10.000±1.0 5.4±0.75 
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Appendix F (contd.)   
8;N=9 0.076±0.016 0.073±0.013 9.556±1.5 0.523±0.20 51.333±10 32.222±1.1 11.111±0.48 3.2±1.2 
9;N=13 0.114±0.011 0.098±0.011 14.077±2.6 0.676±0.094 80.923±18 60.000±0.91 21.538±0.66 4.9±1.0 
10;N=3 0.020±0.10 0.010±0.056 4.00±1.0 0.201±0.48 8.00±1.0 80.00±3.0 0.00±0.00 2.0±0.10 
11;N=12 0.053±0.010 0.032±0.0074 12.167±2.2 0.499±0.12 68.250±14 55.000±0.78 1.667±0.17 5.6±1.5 
12; N=16 0.105±0.0099 0.147±0.024 13.467±1.7 0.537±0.078 65.267±21 62.000±0.58 6.000±0.27 5.2±1.7 
13;N=17 0.091±0.0087 0.103±0.015 13.133±2.7 1.094±0.53 15.467±10 40.000±0.92 4.667±0.31 2.1±0.72 
14;N=7 0.067±0.011 0.110±0.024 8.429±1.8 0.368±0.11 27.429±3.6 32.857±0.64 4.286±0.30 0.72±0.33 
15;N=22 0.140±0.013 0.135±0.019 18.727±3.1 0.592±0.11 44.091±20 47.273±0.67 17.727±0.45 2.6±1.1 
16;N=23 0.106±0.0091 0.041±0.0046 13.217±2.5 0.533±0.075 28.957±8.5 64.348±0.55 10.435±0.31 2.1±0.67 
17;N=17 0.058±0.0094 0.075±0.0082 7.176±1.3 0.470±0.11 51.412±21 56.471±0.71 18.824±0.77 10.1±3.6 
18;N=14 0.076±0.0089 0.073±0.012 8.143±1.2 0.478±0.14 54.643±9.9 52.143±0.77 3.571±0.19 4.6±1.5 
19;N=13 0.034±0.0051 0.034±0.0071 2.750±0.91 0.277±0.11 29.333±24 57.500±0.93 4.167±0.22 23.8±9.8 
20;N=20 0.089±0.0075 0.068±0.0085 7.600±1.2 1.129±0.17 60.850±12 66.500±0.52 14.000±0.43 8.4±2.0 
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Appendix F (contd.)   
21;N=16 0.070±0.0067 0.112±0.021 9.063±1.5 0.344±0.051 54.000±11 43.125±0.57 5.625±0.24 5.2±0.93 
22;N=14 0.081±0.010 0.071±0.018 8.462±1.6 0.450±0.09 104.154±36 50.769±0.71 4.615±0.23 9.9±3.9 
25;N=18 0.081±0.0089 0.107±0.017 9.250±1.3 0.402±0.086 37.063±6.9 40.625±0.63 5.625±0.20 2.2±0.81 
26;N=3 0.040±0.015 0.060±0.026 6.000±2.1 0.460±0.12 41.333±39 53.333±1.8 3.333±0.33 6.9±8.9 
27;N=9 0.039±0.0084 0.061±0.015 4.889±1.5 0.291±0.074 28.222±11 31.111±1.1 6.667±0.28 5.8±1.8 
28;N=3 0.060±0.0052 0.170±0.0046 4.000±1.2 0.302±0.11 6.312±2.2 40.000±0.55 20.000±0.45 0.20±0.35 
29;N=9 0.030±0.0050 0.078±0.015 4.222±0.64 0.346±0.14 4.889±2.6 25.556±0.53 3.333±0.24 1.2±0.67 
30;N=16 0.066±0.013 0.106±0.022 7.357±0.99 0.307±0.059 20.571±13 40.000±0.73 12.143±0.52 5.0±1.9 
31;N=21 0.029±0.0039 0.026±0.0039 2.667±0.50 0.384±0.12 54.619±19 49.048±0.62 4.762±0.22 19.7±8.4 
32;N=19 0.076±0.0080 0.091±0.013 6.895±0.85 0.625±0.15 81.895±20 48.421±0.75 8.421±0.35 9.7±2.3 
 
C. Rhizobium Inoculation Experiment  
Inoculated 
N=45 0.455±0.236 0.0783±0.0488 67.250±52.528 2.469±2.690 18.841±43.675 34.545±22.666 16.819±17.490 0.729±1.950 
Not Inoculated 
N=49  0.427±0.243 0.0701±0.0511 52.523±39.855 2.108±1.594 42.365±89.431 44.878±28.026 29.024±22.339 4.356±13.380 
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Appendix G: Phenotypic correlations from inoculation experiment, with plants inoculated with rhizobia (below the diagonal) and 
plants grown in field soil (above the diagonal). * p<0.05, ****p<0.0001. 
  
  
 
Plant Characters Rhizobia Characters AMF Characters 
Above Ground 
Biomass 
Below ground  
biomass 
Nodule Total 
Mean Nodule 
Biomass 
Arbuscule 
Density 
Hyphae Density Spore Density 
Above ground 
 biomass 
  
0.85892**** 0.51764* 0.44325* -0.27055 -0.01959 0.05022 
Below ground 
 biomass 
0.84946****  
0.51821* 0.51571* -0.25479 -0.11756 -0.03478 
Nodule Total 0.47079* 0.46992*  
0.08015 -0.27503 -0.11874 0.166 
Mean Nodule 
Biomass 
0.57509 0.59045**** -0.07754  
-0.3566 0.14519 -0.01674 
Arbuscule 
Density 
-0.09403 -0.07492 -0.08908 -0.11793  
0.46646* 0.05262 
Hyphae Density 0.1308 0.22323 0.02949 0.07667 0.31414*  
0.22596 
Spore Density 0.08401 0.08489 0.0667 0.01848 0.03251 0.23091 
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Appendix H:  Pairwise phenotypic correlations (R) between metrics of host growth, rhizobium, and AMF colonization from C. 
fasciculata grown in field soil with no added phosphorus fertilizer (top) or grown in field soil with added phosphorus fertilizer (below 
the diagonal). *p≤0.05, **p≤0.001, ***p≤0.0001. Across treatments, most symbiotic traits were positively phenotypically correlated 
with each another and with host biomass (above and below ground) such that plants with more nodules also had more arbuscules in 
both environments. The positive phenotypic correlation between belowground plant biomass and nodule biomass, as well as that 
between plant aboveground and belowground biomass was limited to the unfertilized environment, where plants had larger root 
systems, larger shoots, and heavier nodules 
 
 
  
 Aboveground 
Biomass 
Belowground 
Biomass 
Nodule 
 Total 
Average Nodule 
Biomass  
Arbuscule 
Density 
Hyphae 
 Density 
Aboveground 
Biomass 
 0.111* 0.513*** 0.259*** 0.171** 0.161** 
Belowground 
Biomass 
0.0262  0.232*** 0.0955* 0.0511 0.0717 
Nodule  
Total 
0.433*** 
0.813 
 
 0.2651*** 0.257*** 0.199** 
Average Nodule 
Biomass 
0.339*** -0.00472 0.1721**  0.210*** 0.213*** 
Arbuscule 
Density 
0.0773 -0.0254 0.165* 0.00553  0.363*** 
Hyphae  
Density 
0.142* 0.0418 0.0614 0.0861 0.396***  
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Appendix I: Mean values and standard error for the total plant biomass and host symbiotic traits in C. fasciculata from the 
unfertilized (A; N=431) and unfertilized blocks (B; N=421).  
  
 Above 
Ground 
Biomass 
Below 
Ground 
Biomass 
Arbuscule 
to Nodule 
Ratio 
Total 
Nodules 
Mean 
Nodule 
Biomass 
Arbuscule 
Density 
Hyphae 
Density 
A. Overall 
Means for 
Unfertilized 
Blocks 
0.0985±0.046 0.315±0.12 5.99±2.8 13.9±6.7 1.73±0.93 72.3±23.2 3.65±1.1 
B. Overall 
Means for 
fertilized 
Blocks  
0.105±0.050 0.295±0.1 1.34±1.5 16.4±5.6 2.15±0.61 17.6±9.6 1.83±0.95 
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Appendix J:  Reaction norm (family means) of belowground biomass of 75 maternal half-sib families of C. fasciculata in response to 
P fertilization.  
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Appendix K: Genetic correlations of plant growth and nodule number from 75 maternal half-sib families of C. fasciculata grown in 
either fertilized (+P) or unfertilized (–P) environments (least-squares family means with standard error), with open circles indicating 
plants reared in the (P-) environment, closed triangles indicating plants reared in the (P+) environment. Significant relationships are 
indicated by trend lines (dashed, –P; solid, +P).  
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Appendix L:  Mean values and standard deviation for the total plant biomass and host symbiotic traits in C. fasciculata in Sun, 
unfertilized treatment (N=55), Sun, fertilized treatment (N=36), Shade, unfertilized (N=40), and Shade, fertilized (N=51)  
 
Environment 
Aboveground 
Biomass 
± 
Belowground 
Biomass 
± 
Nodule 
Number 
± 
Average 
Nodule 
Biomass 
± 
Arbuscule 
density 
± 
Hyphae 
Density 
± 
Sun P- 
N=55 
0.17 0.21 0.03 0.03 5.21 3.83 1.59 1.19 96.36 15.17 6.82 2.14 
Sun P+ 
N=36 
0.26 0.15 0.20 0.02 7.08 3.19 1.49 0.91 61.02 21.35 6.49 3.24 
Shade P- 
N=40 
0.15 0.15 0.02 0.02 2.63 1.35 1.06 0.90 53.20 16.55 6.52 2.87 
Shade P+ 
N=51 
0.09 0.07 0.01 0.01 1.90 1.03 1.52 0.86 18.00 13.21 6.22 3.03 
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Appendix M: Pairwise correlation (R) of symbiotic host traits grown in remnant prairie.  A. Full sun plants not fertilized(N=55) 
(above the diagonal) and Full sun plants fertilized(N=36) (below diagonal) B. Shade plants not fertilized(N=40) (above the diagonal) 
and shade plants fertilized (N=51) (below diagonal). *p≤0.05, **p≤0.001, ***p≤0.0001.  
Shade P+ 
Plant Characters Rhizobia Characters AMF Characters 
Aboveground 
Biomass 
Belowground 
Biomass 
Nodule Total Average Nodule 
Biomass 
Arbuscule Density Hyphae 
Density 
Aboveground 
Biomass 
 0.923*** 0.331* 0.404* 0.154 0.226 
Belowground 
Biomass 
0.583***  0.355* 0.455* 0.215 0.277 
Nodule Total 
0.354* 0.124  0.598** 0.533*** 0.258 
Average Nodule 
Biomass 
0.247 -0.261 0.00794  0.260 -0.0058 
Arbuscule 
Density 
0.102 0.046 0.494** 0.00283  0.600*** 
Hyphae 
Density  
0.196 0.155 0.451* -0.148 0.492**  
 
      Sun,P+ 
Plant Characters Rhizobia Characters AMF Characters 
Aboveground 
Biomass 
Belowground 
Biomass 
Nodule Total Average Nodule 
Biomass 
Arbuscule Density Hyphae Density 
Aboveground 
Biomass 
 0.831*** 0.437** 0.372** 0.347* 0.398* 
Belowground 
Biomass 
0.835***  0.413* 0.280* 0.387* 0.312* 
Nodule Total 
0.455* 0.466*  0.433* 0.657*** 0.533*** 
Average Nodule 
Biomass 
0.531* 0.668** 0.441*  0.250 0.248 
Arbuscule 
Density 
0.328 0.268 0.495* 0.161  0.535*** 
Hyphae Density  
0.331 0.246 0.276 0.121 0.681***  
Sha
de, P- 
Sun
, P- 
